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ABSTRACT

MODELING, ANALYSES AND ASSESSMENT OF
MICROGRIDS CONSIDERING HIGH RENEWABLE
ENERGY PENETRATION

by
Qiang Fu
The University of Wisconsin-Milwaukee, 2013
Under the Supervision of Prof. David C. Yu

Microgrids are receiving attention due to the increasing need to integrate
distributed generations and to ensure power quality and provide energy
surety to the customers. Since renewables need to be in the mix for
energy surety, a high renewable-energy penetrated microgrid is analyzed
in this paper. The standard IEEE 34 bus distribution feeder is adapted
and managed as a microgrid by adding distributed generation and load
proﬁles. The 25kV system parameters are scaled down to 12kV and
renewable sources including solar PV and wind turbines, an energy storage
system, and a natural gas generator have been added to the 34-bus system.
The distribution generations (DG) and renewables are modeled in detail
ii

using PSCAD software and practical constraints of the components are
considered. The droop control and autonomous control for microgrid
normal operation in islanded mode and grid-tied mode have been proposed
and studied. A novel comprehensive supervisory control scheme has been
deﬁned to manage the microgrid transition from or to the bulk grid, and
to minimize the transients on voltage and frequency. Detailed analyses for
islanding, reconnection, and black start are presented for various conditions.
The proposed control techniques accept inputs from local measurements
and supervisory controls in order to manage the system voltage and frequency.
The monitoring of the microgrid for measuring power quality and control
requirements for DGs and storage are modeled. The power quality issues
are discussed and indexes are calculated. A novel probabilistic assessment
of microgrid reliability has been proposed. At last, several extended
researches are presented. An experimental system has been built which
includes three 250kW inverters emulating natural gas generator, energy
storage, and renewable source. The simulation and experimental results
are provided which veriﬁes the analytical presentation of the hardware
and control algorithms.
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Chapter 1
Introduction

1.1

Research Background

Over the past few decades, energy has played an increasingly important role in
the technological and economic development. The global electrical energy demand
is seen to be increasing in recent years and it is expected to double in the next 20
years [1]. Fossil fuels that have been used as a source of energy till date are rapidly
depleting requiring us to look towards more alternative sources of energy. Wind and
Solar PV are two of the major alternative sources of energy being utilized in many
parts of the world [2].
According to American Wind Energy Association (AWEA) as of September 2012,
the total installed wind power capacity was at 51,630 MW in the U.S. The U.S.
government has a vision to generate 20% of electricity using wind energy by 2030
[3–5]. Solar PV is also a large source of renewable energy and the U.S. now has over
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6,400 MW of installed solar electric capacity, which is enough to power more than 1
million average American households [6]. However on the other hand, U.S. relies on
an aging electrical grid and pipeline distribution systems, some of which originated
in the 1880s. The U.S. grid was graded a low score of D+ by the American Council
of Civil Engineers in 2013 [7]. Integration of renewable energy and DGs will support
better utilization of the existing systems, reduce consumption of fossil based fuels,
reduce transmission and distribution losses, and improve voltage quality. However,
higher penetration of DGs creates technical and non technical issues which include
power quality, power surety, reliability, power management, overall system eﬃciency,
interconnection of grid and regulations [8, 9]. Ongoing generation, transmission and
distribution permitting issues, weather related events, and limited maintenance have
contributed to an increasing number of failures and power interruptions. They are
some of the driving forces behind the microgrid concept [10–13]. Transmission constraints requiring supplies closer to loads, lower cost of solar PV installations, energy
storage and natural gas and military demand for more energy surety and security are
several other driving factors.

1.1.1

Drivers Behind Microgrids

A microgrid provides a solution to manage DGs and renewable energy and it has
ability to maximize the overall system eﬃciency, power quality and power surety to
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critical loads. Microgrid is a cluster of DGs, renewables and local loads connected to
the utility grid. Microgrid can operate in parallel to the grid or as an island. The
most compelling feature of a microgrid is the ability to separate and isolate itself from
the utilitys distribution system unintentionally during events (i.e., faults, voltage collapses, black-outs). It may also intentionally disconnect during grid maintenance and
also when the quality of power from the grid falls below certain standards. Microgrid
can be reconnected to the utility grid without any interruption once the utility is
recovered.
There are several technical drivers behind the idea of microgrids, including (i)
transmission constraints requiring supplies closer to loads [13], (ii) demand for improved power reliability, eﬃciency, and quality, [14] (iii) demand for energy security,
[15] (iv) integration of renewable energy and DER, (v) military demand for enhanced
energy security: Surety, Survivability, Supply, Suﬃciency, and Sustainability [16], and
(vi) overall systems eﬃciency (e.g. use of generation waste heat in a combined heat
and power installation) [17]. In addition, the lower costs of solar PV installations,
natural gas, and energy storage devices have been supporting further expansion of
distributed generations and microgrids.
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1.1.2

Benefits and Barriers

The distribution system will continue to play a primary role in grid evolution
due to its size, value, diversity and direct interface with the customer. The microgrid
concept enables the distribution system to operate in a coordinated fashion to support
customer with high level of power quality and reliability. A market estimation made
by DOE indicates that microgrids can attain a 5.5GW market in 2020 [18] and deliver
approximately $1 billion in public beneﬁts.
An envisioned microgrid is providing added value to society, the grid, and to customers by [19]: 1) improving reliability, 2) reducing the cost of energy and managing
price volatility, 3) Assisting in optimizing the power delivery system, including the
provision of services, 4) Providing diﬀerent levels of service quality and value to customers segments at diﬀerent price points, 5) Helping to manage the intermittency
of renewables, 6) Promoting the deployment and integration of energyeﬃcient and
environmentally friendly technologies, and 7) Increasing the resiliency and security of
the power delivery system by promoting the dispersal of power resources.
However, some technical and non-technical barriers must be overcome to provide
these beneﬁts. The greatest challenge from technical side is on the monitoring, control, and protection areas. A high eﬃcient and reliable supervisory and monitoring
system has to be developed to accommodate a wide range of load and generation
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change. The communication and information layers play a critical role of supervisory management of microgrids. Other technical challenges include: microgrid sizing
and planning, steady-state and dynamic performance, utility system and equipment
upgrades, interconnection requirements, and so on.
Additionally, to ensure microgrids operate as legal entities, regulatory barriers
need to be resolved [20], including 1) regulatory policies, 2) microgrid ownership
models, 3) choice of voltage level, 4) the legality of microgrids, 5) service territories,
6) utility tariﬀs, and 7) environmental and sitting laws.

1.1.3

Microgrids Under Development

Several microgrid projects are currently under research and development in the
U.S., including the 100kW Consortium for Electric Reliability Technology Solutions
(CERTS) microgrid test bed near Columbus, OH [12]; the 3 MW Santa Rita correctional facility test site in Alameda County, CA [21], the Smart Power Infrastructure
Demonstration for Energy Reliability and Security (SPIDERS) microgrids [22], the
700kW Fort Sill microgrid project [23], and the Illinois Institute of Technology’s Perfect Power System [24]. The CERTS microgrid test bed uses one of the advanced
control techniques to perform seamless islanding and reconnection and apply peer-topeer and plug-and-play concept for devices. One of the goals of the SPIDERS program
is to provide reliable backup power during emergencies by integrating renewables and

6

other distributed generation sources into the microgrid and to ensure that critical
operations can be sustained during prolonged utility power outages. In the Fort Sill
microgrid project, the objective is to demonstrate a ﬁeld-scale, renewables-focused,
intelligent microgrid, which serves critical mission power requirements in a sustainable, reliable, and secure manner. This microgrid includes two natural gas generators,
one 500kWh energy storage element, small wind and solar PV systems, various loads,
and a static switch.
Other world-wide existing experimental microgrid and test systems are listed as
follows [25–28]:
• Boston Bar - BC Hydro, Canada: Radial microgrid driven by two hydro plants
with a peak load of 3MW. Controlled by autonomous controller.
• Boralex planned islanding - Hydro Quebec (HQ), Canada: Microgrid formed
to facilitate replacement of 40km feeder serving 3000 customers with a peak load
of 7MW. The microgrid is served by a thermal power plant and is controlled autonomously.
• Bronsbergen Holiday Park microgrid - Netherland: Mesh type microgrid driven
by several PV DGs with central energy storage. The peak generation capacity is 315
kW and the microgrid is centrally controlled.
• The Residential Microgrid of Am Steinweg in Stutensee - German: Mesh type
microgrid driven by several PV DGs, CHP with available electric power of 28kW and
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a lead acid battery rated at 880 Ah. Agent based control is implemented.
• CESI RICERCA DER test microgrid - Italy: Low voltage(400V) DC radial
microgrid is driven by 14kW PV DG, 10kW solar thermal DG, 10kW biomass based
CHP DG, 100kW microturbine based CHP DG and 3 diﬀerent battery energy storage
units.the system is also equipped with a ﬂywheel for power quality purposes. Agent
based control is implemented.
• Kythnos island microgrid - Greece: Centrally controlled Radial microgrid driven
by 12kW PV DG, 53kWh battery bank, and 5 kW diesel DG.
• Microgrid system at National Technical University of Athens (NTUA) - Greece:
Laboratory scale microgrid driven by two PV generators, one wind turbine, and
battery energy storage. Agent based control is implemented.
• DeMoTec test microgrid system - German: SCADA controlled test microgrid
driven by two battery units, two diesel generators and a wind generator.
• University of Manchester microgrid/ﬂywheel energy storage laboratory prototype - UK: 20kVA radial laboratory microgrid prototype driven by a synchronous
generator coupled to an induction motor. The system is also equipped with a ﬂywheel connected through an inverter.
• Kyoto eco-energy project (Kyotango project) - Japan: Mesh type centrally
controlled microgrid driven by gas turbines totaling 400kW, 350kW of fuel cells, two
PV systems and a 50kW small wind turbine.
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• Hachinohe project - Japan: Radial centrally controlled microgrid with 5 PV
units 130kW in all, 4 wind turbines 20kW in all, and 3 diesel generators rated at
170kW each.
• Microgrid testbed in Hefei University of Technology (HFUT) - China: Mesh
type microgrid driven by PV generators, 3-phase wind generation simulators, fuel
cell, battery bank, ultra capacitor bank, conventional generators used to simulate
small hydrio and fossil generators. The system is controlled using an agent based
controller.
• The microgrid demonstration project in Xinjiang - China: is built by Mitsubishi,
which is a remote microgrid composed of batteries with inverters, PVs and dieselbased microturbines. The operation result shows that the microgrid has attained the
control requirement with limited voltage magnitude and frequency ﬂuctuations.

1.2

Scope and Objectives

The primary objective of this research is to model a general-purpose microgrid
which can serve as a benchmark for microgrid planning, controls, testing and assessment. The following are the key components of the research:
- In order to accurately study the behavior of the renewable energy systems,
natural gas generation, and energy storage systems and their eﬀects on the voltage
and frequency in a microgrid, a standard IEEE 34-bus distribution system is adopted
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and scaled in order to match the properties of in-building microgrid at Fort Sill, OK.
- Sizing capacities for distributed generations, renewable energies, and energy
storage systems is discussed. A 100% penetration level of renewable energy is selected
in order to evaluate the impact on the microgrid.
- Detailed modeling of microgrid components in PSCAD is presented, including a
750kW Horizontal Axis Wind Turbine, a 250 solar PV panel, a 1.5MVA natural gas
generator, a 250kW Zinc-Bromide energy storage system, a universal voltage/current
controlled inverter, transformers/regulators, transmission line/distribution cables, and
various types of loads, etc.
- The microgrid operation and management are studied. A supervisory control
scheme is proposed to manage microgrid transitions to or from the bulk grid. Several
novel techniques and algorithms for microgrid control and operation are proposed.
The simulation results as well as experiments results are presented.
- A common used power quality indexes and a novel probabilistic assessment
approach are proposed to evaluate and compare the microgrid reliability in diﬀerent
cases.
- Some extended researches are presented. The Fort Sill Microgrid and extended
system are modeled and studied. A 1MW multi-inverter based microgrid built at
EATON power lab is tested. Several experiments have been conducted to verify the
proposed algorithms.
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Chapter 2
Microgrid Configuration
In order to accurately study the behavior of the renewable energy systems, energy storage device and natural gas generator, and their eﬀects on the voltage and
frequency in a microgrid, a standard 25kV IEEE 34 bus system is adopted in this
paper [29, 30] to model and represent a general proposed microgrid. The system conﬁguration needs to meet the requirements as follows: (i) it is a medium-low voltage
distributed system which comprises of balanced/unbalanced three-phase loads and
single phase loads. (ii) A considerable complexity of system structure is needed to
analyze and evaluate the impact of distributed generations as well as line losses. (iii)
A high level of renewable energy penetration is considered. (iv) The system is able to
operate in both island mode and grid-tie mode. Therefore, IEEE 34 bus test system is
scaled and modiﬁed. This chapter discusses the microgrid conﬁguration and capacity
sizing for generations.
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2.1

Introduction of IEEE 34-Bus Distribution System

The IEEE 34 bus test feeder mimics an actual feeder in Arizona with all its
electrical characteristics [31]. The one-line diagram of IEEE 34 bus test feeder system
is shown in Figure 2.1. This IEEE 34-Bus test distribution system is a 60Hz, 24.9kV,
12MVA with diﬀerent ﬁxed loads connected to the utility main at bus 800 and no
DG on the system. The load types include constant active/reactive power loads
and constant distributed impedance loads (three-phase and single phase). There are
several single phase branches in the system, for instance branch of bus 816 to 822 is
phase A to Neutral.

Figure 2.1: One-line diagram of IEEE 34 bus test system.
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2.2

Scaling of IEEE 34-Bus Distribution System

In order to match the properties of the system with a microgrid under construction at Fort Sill, OK, the nominal voltage of the system is changed to 12kV and other
components of the system including loads and line impedances have been scaled accordingly. The base parameters of the system are changed to 12kV, 6MVA. The
transformer on bus 832 is scaled down to 12kV/4.16kV and the two voltage regulators at bus 832 and 814 are also scaled to 6.9 kV, phase voltage.
The power ratings of the ﬁxed PQ loads are reduced to half of their original
values. The same also applies to the single-phase PQ loads. To scale the constant
impedance loads, their impedances are reduced to half. Since the voltage is also half
of the original value, their power rating is reduced to half. There are two types of
the transmission lines in this system namely, lumped line impedance and distributed
line impedance. Below is the description on scaling these lines.

2.2.1

Lumped Line Impedance

To keep the same voltage drop, the line impedances should be halved since the
line carries the same current as described by 2.2.1 and 2.2.2.
I=

Vdrop % =

P/2
V /2

Vdrop /2
I(Rline /2)
=
V /2
V /2

(2.2.1)

(2.2.2)
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(a) Original impedance

(b) modiﬁed impedance

Figure 2.2: Scaling of lumped line impedance for line 302

When the voltage level is scaled down from 24.9kV to 12kV, the distance between
phase to phase and phase to earth is reduced, which means that the equivalent capacitance increases. In this case, we have reduced resistances and inductances to half
and doubled the capacitance for each lumped line impedance. Figure 2.2 shows an
example for the scaling of line 302 connected to bus 822.

2.2.2

Distributed Line Impedance

The case for distributed line impedance is diﬀerent. We have considered three
ways to change the line impedances, when scaling from 24.9kV to 12kV system: (i)
halving the R/L matrix, (ii) halving the length of lines, and (iii) halving the length
of line and quadrupling the capacitance matrix. Methods (i) and (ii) yield similar
results but the voltage drop is larger than the original case. Method (iii) cuts the
line power ﬂow in half and at the same time keeps the nodal voltages in per unit the
same. Therefore, we have used method (iii) to scale the distributed line impedances.

14

Figure 2.3: Scaling transmission lines with distributed line impedance, (a) original
case, (b) Impedance reduced in half, (c) line length is reduced to half, and (d) line
length is reduced to half and capacitance is quadrupled.
Figure 2.3 shows the original case and all the three methods for the line. The number
10 and 20 in the ﬁgure shows the length of the line. Case (d) provide similar per unit
voltage as case (a) while halving active and reactive power.

2.3

Microgrid Components

A backbone of a typical microgrid is shown in ﬁgure 2.4. As similar to a traditional distribution system, a general microgrid includes all the basic components that
distribution system has such as distribution feeder circuits, protective equipments
and switches, primary circuits, distribution transformers and regulators, diﬀerent
types of customers (loads). Other than that, since microgrid is able to be islanded
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Figure 2.4: A typical microgrid backbone diagram
from the bulk grid, it is required to install other components and devices so that a
high performance power management for steady states and transitions operations can
be realized. These components are: distributed generations, advanced metering and
monitoring, supervisory control units, and interconnectivity devices. Distributed generations which play an important role of supporting local loads within the microgrid
are necessary to be added to the system. There are typically three types of power
generations installed in the microgrid. First are the renewable energy generations,
as they are the green energy and one beneﬁt of the microgrid is that the microgrid
provides the most promising means of integrating a large amount of renewable energies in the system. In this paper two 750kW wind turbines and one 250kW PV are
added to the system. The sizing issue and power proﬁles are describe in the following
section. Second are the energy storage systems, as they play a role of smoothing the
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intermittency of renewable energy, and a key part of managing power ﬂow and voltage
stability in the microgrid. They can be either in forms of chemical such as chemical
battery, kinetic energy such as ﬂywheel, or potential energy such as supercapacitors.
In the paper, two 250kW 500kWh zinc bromide batteries are used and modeled. The
third ones are backup generations, which only operate in the island mode and/or in
the situation of lacking of renewable energies. A 1.5MVA natural gas generator is
developed and used for the proposed microgrid.

2.4

Power Profiles and Capacity Sizing of Generations and Loads

Before discussing the capacity sizing approach for generations, lets deﬁne the
power proﬁles of loads as well as generations. It is worth noticing that all the data
used for loads, wind and solar PV plants are actual measured data of existing systems
that are scaled for the microgrid in this paper. According to the loads, the system
includes a total of 53 loads, consisting of ﬁxed and variable PQ loads and ﬁxed
impedance loads. The load proﬁle for a single load at bus 848 and total microgrid
load are shown in Figure 2.5. The peak load occurs at 7PM and it is 1420kW. The
minimum load occurs at 2AM and it is 1120kW.
The solar PV system is modeled using solar irradiation data from Solar Advisor
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(a) Load at bus 848

(b) Total load

Figure 2.5: Load power proﬁle for a single day
Module (SAM) for the city of Milwaukee, WI. The PV power model contains a 24
hours insulation proﬁle for the summer of 2012. Maximum Power Point Tracking
(MPPT) for the panels was developed and simulated using PSCAD software, which
will be discussed in Chapter III. Figure 2.6 shows the output power proﬁle for the
250kW system.

Figure 2.6: The power proﬁle for a 250kW solar PV plant.

The wind turbine power proﬁle is also modeled using measured wind speed data
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near the city of Milwaukee WI. The turbine is modeled using PSCAD software considering the turbine eﬃciency factor (CP) and the mechanical and electrical eﬃciencies.
Figure 2.7 shows the power proﬁle for a 750kW wind turbine for a 24 hour period.

Figure 2.7: The power proﬁle for a 750kW wind turbine.

A ﬁrst order approach is used in this paper to size the generation capacities. The
restrictions for sizing the capacity of generations are stated as follows:

PN G + PBattery ≥ P eak Load Demand

(2.4.1)

PBattery ≥ Critical Load Demand

(2.4.2)

PW ind + PP V ≤ P eak Load Demand

(2.4.3)

kW h of Battery ≥ (P eak Load Demand − PN G )
(2.4.4)
×Duration of Zero Renewable Energy f or 24hrs
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Equation 1 gives an operation condition for microgrid without renewable energies.
Equation 2 means during transitions when natural gas generator hasn’t been ready
to provide power, the critical loads are still able to survive. Equation 3 restricts the
over sizing of renewable energies. Equation 4 shows a long term planning of battery
energy capacity by looking at the probability distribution of renewable energy in
order to ensure that the battery has enough energy to support the system during
zero renewable energy for a period of time.
The maximum load demand, as shown in Figure 2.5, is 1.42MW. To size the
natural gas generator and energy storage, as it was aforementioned, they should
meet the total load demand considering line losses without renewable energy sources.
Two energy storage systems with total rating of 500kW for two continuous hours are
considered for the system to meet the critical load demand. This storage system is a
zinc-bromide battery that has been tested and modeled by the research team [32].
The natural gas generator rating is selected at 1.5MVA to meet the total load
demand including maximum 0.4MW line loss. The ratings of the renewable sources
are selected so that their total capacity does not exceed the total system demand.
Wind speed and solar irradiation pattern near city of Milwaukee have been used to
calculate the capacity factors for both wind and solar PV systems. The capacity
factors for location and device speciﬁc data have been calculated at 0.29 for solar PV
and 0.34 for wind turbines [33]. Considering an average energy cost of 210/M W h

20

for solar PV and 90/M W h for wind energy [34], required capacities for PV and wind
energy are determined to meet the peak load demand. Capacities of 250kW for solar
PV and 1.5MW (two 750kW turbines) for wind energy are calculated.

2.5

Summary of Proposed Microgrid

As a summary of the proposed microgrid conﬁguration, a one line diagram of the
system is shown in Figure 2.8. One 1.5MVA natural gas generator is added to bus 800

Figure 2.8: The conﬁguration of proposed microgrid using IEEE 34 bus test system.

replacing the utility grid when the microgrid moves to island operation. Two 750kW
wind turbines are added to bus 848 and bus 840 respectively and one 250kW solar
PV plant is added to bus 890. Two battery parallel together as one energy storage
system is added to bus 828 with rating of 1MWh, 500kW.
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Chapter 3
Modeling of Microgrid
Components
In this chapter, all the important microgrid components including generations,
power conversions, and loads, as well as regulator and transformers are introduced
and modeled. As aforementioned in previous chapter, there are 4 types of generations
within the proposed microgrid which are wind turbine, solar PV plant, natural gas
generator, and energy storage system. Expect for natural gas generator, the other
three generations need a power conversion device to perform a power transportation
and control from the diﬀerent resources to electricity. So a general propose inverter
is developed and modeled considering low frequency harmonics which is easy to scale
and modiﬁed for diﬀerent generation and is able to switch control strategy to meet
the power management.
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3.1

Wind Turbine

A total of 1.5MW wind power is needed in the system to meet the sizing demand
as we discussed in chapter 2. By considering the limitation of the maximum power
transfer and the cable size, we decided to build two wind power plants instead of one
1.5MW wind turbine. The cable used for the laterals in IEEE 34 bus system is ACSR
type of conductor. The size is #2 6/1 which has the allowable ampacity of 194 amps.
The line impedance is around 1.9+j1.4 ohms per mile according to the data specs.
Let us calculate the K factor of this type of cable so we can evaluate the percentage
voltage drop when we consider 1.5MW or 0.75MW power ﬂow on this cable.
The impedance of one mile of line is

Z = 1.9 + j1.4Ω

(3.1.1)

The current taken by 1kVA at 0.85 lagging power factor is given by:
1kV A
1
I=√
∠−cos−1 (P F ) = √
∠−cos−1 0.85
3 · kVLL
3 · 12

(3.1.2)

= 0.0481125∠−31.778 A
The voltage drop is computed to be
Vdrop = Re[Z · I] = Re[(1.9 + j1.4) · 0.0481125∠−31.778] = 0.113181 V

(3.1.3)

The nominal line-to-neutral voltage is
12000
VLN = √ = 6928.2 V
3

(3.1.4)
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The Kdrop factor is then:
kdrop =

0.113181
× 100 = 0.0016336% drop/kV A − mile
6928.2

(3.1.5)

In order to evaluate the voltage drop and compare the diﬀerences between two
selections (a single 1.5MW wind power plant or 2 of 750kW wind power plants), a
2 miles long cable with 1.5MVA uniform distribution loading condition is selected to
study. The diagram is shown in Figure 3.1.

Figure 3.1: One line diagram of a 2 mile long cable with uniform distribution
of a total 1.5MVA load.
Considering a 1.5MVA generation added to point A, the per unit voltage at Point
B is computed to be:
VB = 1p.u. − Kdrop · kV A · miles = 0.0016336 · 1500 · 2 = 95.1%

(3.1.6)

Instead, if two 750kVA generation are added to point A and point B, the per unit
voltage at the middle point of the cable is computed to be:
Vmid = 1p.u. − Kdrop · kV A · miles = 0.0016336 · 750 · 2 = 97.55%

(3.1.7)

Obviously, if a 1.5MVA generation is adopted to provide power through this cable,
the voltage drop is signiﬁcant. Therefore the power quality would be a big concern.
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According to IEEE 34 bus system structure and by evaluating the voltage sensitivity
of each bus, two wind power plants are added to bus 840 and bus 848 respectively.
The popular Horizontal Axis Wind Turbine (HAWT) is studied and modeled in
PSCAD for wind power plant. The kinetic energy of a ’packet’ of air with mass m
moving at velocity v is computed to be
1
KE = mv 2
2

(3.1.8)

Dived by time and get power
1
P ower through area A =
2

(

m passing through A
t

)
v2

(3.1.9)

The mass ﬂow rate is
ṁ =

m passing through A
= ρAv
t

(3.1.10)

where ρ is air density.
Combining 3.1.9 and 3.1.10,
1
P ower through area A = (ρAv)v 2
2
1
⇒ PW = ρAv 3
2
where,
PW (W atts) = power in the wind
ρ(kg/m3) = air density (1.225kg/m3 at 15o C and 1atm)

(3.1.11)
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A(m2 ) = the cross − sectional area that wind passes though
v(m/s) = wind speed
The equation (3.1.11) gives the power in the wind. The wind turbine extracts
energy by slowing the wind down. The theoretical maximum amount of energy in
the wind that can be collected by a wind turbine’s rotor is approximately 59%. This
value is known as the Betz limit. In practice, the collection eﬃciency of a rotor is not
as high as 59%. A more typical eﬃciency is 35% to 45%. A complete wind energy
system, including rotor, transmission, generator, storage and other devices, which
all have less than perfect eﬃciencies, will (depending on the model) deliver between
10% and 30% of the original energy available in the wind. An eﬃciency factor Cp is
deﬁned as:
Cp =

power output by wind turbine
power in the wind

(3.1.12)

Which can be roughly estimated:
Cp = ηrotor × ηmechanical × ηelectrical = 40% × 80% × 90% = 28.8%

(3.1.13)

Finally, the electrical power equation for A HAWT is obtained:
1
Pout = ρπr2 v 3 Cp
2

(3.1.14)

The radius is derived to be
√
r=

2Pout
ρπv 3 Cp

(3.1.15)
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Considering 12 m/s as the rated speed, a 750kW wind turbine has a blade radius
of
√
r=

2 · 750000
≈ 28m
1.225 · 3.1416 · 123 · 0.288

(3.1.16)

According to the above calculations, a 750kW HAWT is modeled in PSCAD
shown in Figure 3.2 with consideration of cut-in and cut-out functions. The principle
of wind speed vs. output power is shown in Figure 3.4, where there are four operation
regions. In region 1 wind turbine cannot generate useable power when the wind speed
is less than 4m/s, which is usually called cut-in speed. In region 2, the output power
is proportional to the wind speed until the wind speed reach 12m/s, which is called
rated wind speed or nominal speed. In region 3, the blade pitch is controlled so that
the output power keep constant until the wind speed reaches cut-out speed, which is
25m/s deﬁned in the model. In region 4, the wind turbine ceases power generation
and shut down because a very high wind speed may damage the rotation components
of the wind turbine.
A 24 hours real wind data near Milwaukee area is imported. The simulation
results are shown in Figure 3.3. For simulation purpose, the 24-hour data is scaled
to 240sec.
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Figure 3.2: A 750kW wind turbine model with cut-in and cut-out functions.

Figure 3.3: Simulation results for 750kW HAWT using 24 hours real data.
Top: Wind speed(m/s); Bottom:Output Power(MW)
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Figure 3.4: Wind speed vs. Output power

3.2

Solar PV

Comparing with wind energy, solar power plant has its unique merits such as
residential friendly, no pollution and no noise, easy to deliver and install, almost zero
maintenance cost, and reliable and safe to use. However, as the solar resource is not
as good as wind power at Milwaukee-Wisconsin area, combining diﬀerent practical
considerations which has been discussed in Chapter 2 section 4, a 250kW solar PV
is selected to be added to the proposed microgrid. In this section, the modeling of
250kW solar PV plant in PSCAD is presented.
A commonly used equivalent circuit of solar cell is shown in ﬁgure 3.5. The PV
cell is deemed to be a current source whose value equals to ISC paralleling with a
forward diode. Forward current that ﬂows through the diode is viewed as dark current
Id in the PV cell. Rs and Rp are the series and parallel resistance of the PV cell.
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Rs is made up of surface resistance of the roof of the proliferation, body resistance
of the cell, resistance between the top and bottom electrode and PV cell as well as
resistance of the metal conductor. Rp is mainly caused by the following factors: the
surface leakage current along the edge of the cell, which is caused by the surface spots;
the leakage current along the small bridge that caused by the disﬁgurement of the
micro-cracks, grains and crystal after the electrode metal processing, or caused by
the dislocation and the irregular spread of the grains.

Figure 3.5: A more complex equivalent circuit for a PV cell
includes both parallel and series resistances.

The output current I is computed to be
{
I = ISC − I0
where,
ISC : Short-circuit current
I0 : Saturation current

[

)
]
} (
q(V + I · Rs )
V + I · Rs
exp
−1 −
kT
Rp

(3.2.1)
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q: Electron charge, 1.6e−19
k: Boltzman constant, 1.38e−23
T : Absolute temperature
Rs : Series parasitic resistance
Rp : Shunt parasitic resistance
According to equation (3.2.1), the I-V curve is able to be obtained if Rp and Rs
are known. The eﬀects of Rp and Rs on I-V curve are shown in ﬁgure 3.6. Obviously,
series and parallel resistances in the PV equivalent circuit decrease both voltage and
current delivered. To improve cell performance, high Rp and low Rs are needed.

Figure 3.6: Series and parallel resistances in the PV equivalent circuit
decrease both voltage and current delivered.
In order to achieve maximum power output, an appropriate operation point in
I-V curve is necessary to be located, which is called maximum power point tracking.
Figure 3.7 illustrates where the point is in a typical I-V curve. Various literatures
studied on this problem and developed a lot of tracking methods. In this paper,
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an incremental conductance method is developed in PSCAD. The basic idea of this
control is to measure incremental changes in array current and voltage to predict the
eﬀect of a voltage change.

Figure 3.7: The I-V curve and power output for a PV module. At the maximum
power point the module delivers the most power that it can under the conditions of
sunlight and temperature for which the I-V curve has been drawn.

Table 3.1: The key parameters of PV
Rated Power
# of modules in series per module
# of modules in parallel per module
# of cells in series per module
# of cells in parallel per module
Reference Irradiation (W/m2 )
Reference temperature (C)
Open circuit voltage (V)
Short circuit current (A)

array
25kW
2
3
50
52
1000
25
83.47
390

The PV array and MPPT function are modeled in PSCAD shown in Figure 3.8.
The key parameters are listed in table 3.1. The I-V curve of this 25kW PV array is
tested and shown in Figure 3.9.
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Figure 3.8: The PV array and MPPT function in PSCAD.
Practically, to build a 250kW solar power plant, 10 arrays with converters will be
paralleled on a DC bus and connected to AC bus via an inverter. However, since the
main focus of the project is the operation and management of microgrid, to simplify
the problem and reduce the simulation time, the average models for inverters are
developed. Therefore the 250kW PV model is built by scaling of output power of
the proposed 25kW PV array. The scaled power command received from PV array is
power reference for the inverter attached to the PV generation.
The irradiation proﬁles of a perfect sunny day and a typical cloudy day is tested
and simulated. The waveforms of irradiation proﬁles, power proﬁles and MPPT
voltages for two cases are shown in Figure 3.10 and Figure 3.11 respectively.
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Figure 3.9: The I-V curve of 25kW PV array.

Figure 3.10: The waveforms of solar irradiation proﬁle, PV output power and terminal
voltage at MPPT in a perfect day.
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Figure 3.11: The waveforms of solar irradiation proﬁle, PV output power and terminal
voltage at MPPT in a cloudy day.

3.3

Natural Gas Generator

Natural gas generator plays a very important role in microgrid. It controls the
voltage and frequency in the microgrid in island mode. Other sources use it as a
reference for frequency. Whenever a load is applied to or removed from the microgrid,
the voltage and frequency experience a transient before settling at the steady state
values. The magnitude and duration of this transient depends on the generator exciter
and engine governor controls. During sudden changes in the load, the natural gas
generator must be able to maintain the voltage and frequency within the limits. The
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same is also true when there is sudden change in the renewable energy generations.
Figure 3.12 shows the basic block diagram of a natural gas generator connected
to a grid or microgrid. The exciter is in charge of regulating output voltage and the
governor adjusts engine speed, which is translated to output frequency.

Figure 3.12: The basic block diagram of a natural gas generator
connected to a grid/microgrid.

Table 3.2: The key parameters of PV array
Rated RMS Line to Neutral Voltage
6.9282 [kV]
Rated RMS Line Current
0.09 [kA]
Base Angular Frequency
376.991118 [rad/sec]
Armature Time Constant [Ta ]
0.332 [pu]
Poitier Reactance [Xp ]
0.011 [pu]
D:Unsaturated Reactance [Xd ]
0.13 [pu]
D:Unsaturated Transient Reactance [Xd ′]
0.03 [pu]
D:Unsaturated Transient Reactance Time (open) [Td 0′]
5.2 [s]
D:Unsaturated Sub Transient Reactance [Xd ′′]
0.022 [pu]
D:Unsaturated Sub Transient Reactance Time (open) [Td 0′′]
0.029 [s]
Q:Unsaturated Reactance [Xq ]
0.51 [pu]
Q:Unsaturated Transient Reactance [Xq ′]
0.228 [pu]
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There is one natural gas generator in our microgrid system. The properties of
this 1.5MVA machine are provided in Table 3.2. In order to accurately study the
behavior of the synchronous machine for the power system stability studies, it is
essential that the excitation system of the machine is modeled with suﬃcient details.
The desired model must be suitable for representing the actual excitation equipment
performance for large, severe disturbances as well as for small perturbations. IEEE
Standard 421.5 recommends three distinctive types of excitation systems including
DC type excitation systems, AC type excitation systems, and static type excitation
systems. Due to fairly small size of the machines in this paper, we have chosen AC8B:
Alternator Supplied Rectiﬁer Exciter with Digital Control #2 exciter type. Figure
3.13 shows the block diagram of this exciter.

Figure 3.13: The block diagram of AC8B AC exciter.

Where, VS is the terminal voltage transducer and load compensation elements
[pu], VREF is the voltage regulator reference (determined to satisfy initial conditions)
[pu], VC is the combined power system stabilizer and possibly discontinuous control
output after any limits or switching, as summed with terminal voltage and reference
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signals [pu], EF D is the Exciter output voltage [pu].

Figure 3.14: The model of 1.5MVA natural gas generator in PSCAD.
The model of this 1.5MVA natural gas generator in PSCAD is shown in Figure
3.14. Several tests have been conducted. Figure 3.15 shows the simulations results
for the natural gas generator when load steps occur at 10 and 20 seconds. The
machine starts at no load. At 10s, a 100% step load with a power factor of 0.85 is
applied, where real power is 1.275MW and reactive power is 0.79MVar. The speed
and terminal voltage of the machine drop as indicated. At 20s, the load is removed
and the voltage and frequency spike. It should be noted that these results are only
for the natural gas generator and a load.
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Figure 3.15: Simulation results for the natural gas generator in oﬀ-grid operation
when load steps are applied at 10s and 20s: from top, Real (blue in MW) and reactive
power (green in MVar), terminal voltage (pu), and rotor speed (pu).
Figure 3.16 shows the simulation results for the natural gas generator when it is
connected to the grid and has 100% power command change with 0.85 power factor
at 20s and 60s.
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Figure 3.16: simulation results for the natural gas generator in grid-tie operation
when power command steps are applied at 10s and 20s: from top, Real (blue in MW)
and reactive power (green in MVar), terminal voltage (pu), and rotor speed (pu).

3.4

Zinc-Bromide Energy Storage System

In Fort Sill Microgrid project, a 250kW Zinc Bromide Battery designed and provided by ZBB Energy Corporation is used as the energy storage unit. Therefore, in
this general purposed microgrid the same 250kW Zinc Bromide battery is modeled
and installed in the system. To meet the capacity requirement discussed in Chapter
2, 2 units of 250kW battery are paralleled to have 500kW, 1MWh installed at Bus
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828.
Compared with other batteries such as lead-acid battery or Lithium-ion battery,
Zinc Bromide battery has a longer cycle life. [32] The comparison of properties are
listed in Table 3.3. Although Zinc Bromide battery has less power and energy density
than Lithium-ion, which means with the same power rating, Zinc Bromide has the
bigger dimension, it has 4 times of cycle life than Lithium-ion which is more important
for the application of microgrids.
Table 3.3: The comparison of properties of Zinc-Bromide battery
and other batteries
Energy Density
Power Density
Battery
Cycle Life
(Wh/kg)
(W/kg)
Lead-Acid
30-50
100-200
200-300
Lithium-Ion
150-190
300-1500
300-500
Nickel Metal
60-120
250-1000
300-500
Hydrate
Zinc Bromide
85-90
300-600
2000

Generally, there are three basic categories of modeling battery: Thevenin based,
impedance based and runtime based, as shown in Figure 3.17. A Thevenin based
model shown in Figure3.17(a) uses a series resistor (Rseries ) and RC parallel network (Rtransient and Ctransient ) to predict battery response to transient load evens at
a particular state of charge, by assuming the open-circuit voltage (Voc ) is constant.
Impedance based models shown in Figure3.17(b), employ the method of electrochemical impedance spectroscopy to obtain an ac-equivalent impedance in the frequency
domain, and then use a complicated equivalent network (Zac ) to ﬁt the impedance
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spectra. Runtime based models shown in Figure3.17(c) use a complex circuit network
to simulate battery runtime and dc voltage response for a constant discharge current
in SPICE-compatible simulators.

Figure 3.17: Three basic types of modeling of battery.
(a)Thevenin based, (b)Impedance based, (c)Runtime based.
Refer to paper [32], after conducting a series tests, a Thevenin equivalent circuit
with non-linear components is developed to model the Zinc Energy Storage System
(ZESS), as shown in Figure 3.18. By measuring OCV at diﬀerent values of SOC,
the relationship between OCV and SOC is ﬁtted by 4th order polynomial function in
equation (3.4.1).

OCV (SOC) = 1.8781 × 10−6 · SOC 4 + 5.2857−4 · SOC 3
(3.4.1)
− 0.0535 · SOC + 2.3386 · SOC + 63.0936
2
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Figure 3.18: The electrical model of ZESS.
The internal resistance is a function of many variables but it mainly depends on
the cell and ambient temperatures as well as the SOC. According to the test data,
an exponential function representing Rinternal is obtained:
Rinternal (SOC) = 5.9415e−0.13493·SOC + 0.06254e−5.7711×10

−3 ·SOC

(3.4.2)

The self-discharge resistance is supposed to be a constant value independent to
SOC, which is measured as 5.12 Ohm.
To sum up, the equations for the terminal voltage and state of charge can be
computed as:
Vt (SOC) = OCV (SOC) + Rinternal (SOC) · it

(3.4.3)

∫t
SOC = 1 −

it × dti
0

(3.4.4)
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where, Vt is terminal voltage; it is discharging current.
Based on the equations aforementioned, the ZESS has been modeled in PSCAD
as shown in Figure 3.19.

Figure 3.19: The ZESS model in PSCAD.

A constant current charging and discharging tests have been conducted for the
proposed model. Figure 3.20 shows the discharging terminal current. Figure 3.21
shows the waveform of state of charge. Figure 3.22 shows the terminal voltage and
the battery open circuit voltage. Figure 3.23 shows the waveform of OCV versus
SOC. Figure 3.24 shows the waveform of internal resistance versus SOC.
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Figure 3.20: The waveform of charging current.

Figure 3.21: The waveform of state of charge in percentage.

Figure 3.22: The waveforms of OCV and terminal voltage.
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Figure 3.23: The curve of OCV versus SOC.

Figure 3.24: The curve of Rs versus SOC.
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3.5

General-Purpose Inverter

Most DGs within microgrid are inverter based generations such as solar PV, battery, wind power, micro-turbine, etc. A general purposed inverter is designed to
be able to interface with diﬀerent generations with diﬀerent power ratings. As we
know, active and reactive controls functions for DGs are diﬀerent in grid-tie and island modes, in addition, diﬀerent DGs may require diﬀerent control modes such as
P/Q control and v/f control. In the paper, three DGs need inverters: PV, Wind
and Battery. Among these DGs, battery is expected to be capable of regulating real
and reactive power ﬂow as well as voltage magnitude and frequency, while PV and
Wind basically only need to be able to regulate real and reactive power. Figure 3.25
shows the block diagram of the energy storage inverter control proposed and applied
in this study. The active and reactive power delivered are adjusted by regulating
the output voltage magnitude and angle relative to microgrid bus voltage. The controller can adjust the output voltage (and consequently active and reactive power)
according to measured voltage and frequency as well as commands from a supervisory
controller. To apply this inverter to PV and wind, several changes are necessary: (i)
with diﬀerent power ratings, LCL ﬁlter needs to be re-designed; (ii) disable voltage
and frequency control functions; (iii) communication is not necessary for renewable
energies as a secondary power management method is proposed and applied for PV
and Wind, which will be discussed in Chapter 4.
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Figure 3.25: The block diagram of the controls for voltage and frequency of storage
inverter.
The PSCAD model of the proposed inverter is shown in Figure 3.26. This control
algorithm is also applied to a 1MW Multi-inverter based microgrid [35].
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Figure 3.26: The proposed inverter model in PSCAD.

3.6

Other Basic Components

Modeling of Load
One of the most important basic components is load. As we know there are
typically three types of loads: impedance load, current load, and power load. The
static load can be modeled using equations:
(
P = Po ·
(
Q = Qo ·

V
Vo
V
Vo

)N P
· (1 + KP F · dF )

(3.6.1)

· (1 + KQF · dF )

(3.6.2)

)N Q
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where,
P = equivalent load real power,
Po = rated real power,
V = load voltage,
N P = dP/dV voltage index for real power,
KP F = dP/dF frequency index for real power,
Q = equivalent load reactive power,
Qo = rated reactive power,
N Q = dQ/dV voltage index for reactive power,
KQF = dQ/dF frequency index for reactive power.
By giving diﬀerent values of NP and NQ, all types of ﬁxed loads are able to
be modeled. According to the variable loads, a dynamic variable inductance and
resistance are used to achieve the desired real and reactive power. A single phase
variable load is shown in Figure 3.27.

Figure 3.27: The model of variable load in PSCAD.
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Regulators

Figure 3.28: The model of regulator in PSCAD.
There are two regulators in IEEE 34 bus test system. The parameters are shown
in Table 3.4. The PT ratio is 120 scaling phase voltage of 6.9282kV to 57.735V. Taps
range is from -16 to 16 representing a voltage bandwidth of 2 Volts. The model is
shown in Figure 3.28.
Table 3.4: The settings for regulators and compensators.
Regulator 1
Regulator 2
PT Ratio
120
120
Primary CT Rating
100
100
CT Ratio
500
500
Bandwidth
2V
2V
R for compensator 2.7V (or 2.7/0.2=13.5ohm) 2.5V (or 2.5/0.2=12.5ohm)
X for compensator
1.6V (or 1.6/0.2=8ohm)
1.5V (or 1.5/0.2=7.5ohm)
Voltage level
122V
124V
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Chapter 4
Microgrid Operation and
Management
The microgrid is deﬁned as a group of interconnected loads and distributed energy
resources within clearly deﬁned electrical boundaries that acts as a single controllable
entity with respect to the bulk grid. It allows to be operated with connect to or
disconnect from the bulk grid. Generally, four operation modes for microgrid are
discussed and studied, that are grid-tie, island, islanding, and reconnection. In this
chapter, a detailed discussion and analyses for microgrid operations are presented,
including control strategies, modeling and simulation results according to each mode.
The Chapter is organized as follows: Section 4.1 introduces a novel power management
applied to the controls for wind and PV generations within the proposed microgrid.
Section 4.2 and 4.3 present control and management for microgrid in grid-tie and
island mode. In section 4.4, a novel comprehensive supervisory control unit (SCU) is
proposed for managing microgrid transitions.
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4.1

Power Management For Renewable Energy

When the renewable energy systems provide power to a microgrid, due to line
impedance (which is signiﬁcant in resistive component), they can change the bus
voltage and move them out of range that will result in load tripping. Therefore, a
novel power management for renewable energy has been implemented to regulate bus
voltage. Figure 4.1 shows a one-line diagram of a distributed system with adding
a renewable energy generation via line impedance. A considerable inductive line
impedance and reactive load demand will lead to a dramatic voltage drop from feeder
through load to renewable energy, as the renewable energy is typically regarded as
current controlled source which doesn’t provide voltage regulation. On the contrary,
a dramatic voltage rise may occur due to an over generation of real power in a case of
high penetration of renewable energy. In a word, a lack of providing reactive power
most likely leads to low voltage issue, while an over providing of real power leads to
high voltage problem.

Figure 4.1: The one-line diagram of an example distributed system with adding a
renewable energy generation via line impedance.
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The renewable energy resources such as solar PV and wind power are usually
inverter based sources which are able to control real and reactive power separately.
However, in the industry, inverters designed for PV and wind are required to do only
current control of q-axis in d-q frame to manage real power, while leaving reactive
power by giving zero reference to d-axis. If an accurate decoupling is added to the
control loop, a unit power factor will be achieved, which means the output reactive
power is targeted as zero. Any inaccurate settings of decoupling function or variations
of the parameters in the output ﬁlter due to the temperature deviation lead to an
uncontrollable reactive power oﬀset. The higher the real power is output, the higher
the reactive power deviation is observed. In this paper, a decoupled P/Q controlled
inverter with voltage and frequency constraints is designed and implemented, which
has been discussed in Chapter 3. It allows the renewable resource to regulate not
only real power but also reactive power. But it is worthy to notice that to manage
the reactive power for renewable energy resources, four constraints are required to be
applied as described in equations 4.1.1 - 4.1.4.
√

2
(Pout
+ Q2out ) ≤ Sinv

(4.1.1)

P F ≥ 0.5 W hen Pout ≥ 0.29p.u.

(4.1.2)

Qout ≤ 0.5 W hen Pout < 0.29p.u.

(4.1.3)
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1
Qout
·
≤ Vmax ripple = η%Vdc
2π(6fac )Cdc Vdc
=⇒ Qmax out ≤

(4.1.4)

12πfac Cdc η%Vdc2

Firstly and obviously, the total delivered apparent power must not exceed the
rating of the inverter (equation 4.1.1). Equation 4.1.2 and 4.1.3 give out the reactive
power limits for diﬀerent conditions that a border line for power factor (PF) of 0.5 and
0.5 per unit of reactive power is selected. It aims to reduce the stress on the diodes of
the inverter. When the inverter has suﬃcient real power to output (0.29 per unit as
calculated), the reactive power is limited by the power factor of 0.5 (both lagging and
leading conditions). When inverter provides the real power less than 0.29 per unit,
the output reactive power is limited by a hard limiter of ± 0.5 per unit. In addition,
the maximum output reactive power is also limited to the requested limitation of
DC-link voltage ripple, which can be approximately calculated in equation 4.1.4 [36],
where Cdc is the capacitance of DC-link and η is the allowable percentage of DC
voltage ripple.
The objective of power management for renewable energy is to regulate its terminal
voltage within an allowable range (eg. 0.96p.u. - 1.04 p.u.) as much as it can by
manipulating the output reactive power considering the constraints, and by curtailing
the real power if necessary. The control priority of reactive power is higher than that
of real power as a high power penetration of renewable energy is always wanted. A
selectable voltage PI regulator for real and reactive power is designed and added to
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the inverter for renewable energy.
A series comparison of with and without the proposed power management for
renewable energy are shown in following ﬁgures. Figure 4.2 shows the power proﬁle
of a 500kW solar PV plant when it is installed at bus 848. From 7AM through 1PM,
the voltage of the PV bus exceeds 1.05 per unit in Figure 4.3. Figure 4.4 gives the
active and reactive power received from the grid trough bus 800. The signature of
the solar PV generation can be seen on the imported grid power curve.

Figure 4.2: The power proﬁle of the 500kW PV solar.

Figure 4.3: The per unit voltage at PV terminal.
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Figure 4.4: The real and reactive power received from the grid.
Figure 4.5 through 4.7 show the waveforms of the system when power curtailment
is applied. In order to reduce the PV power, the inverter increases the terminal
voltage of the PV array. This will move the PV away from its MPPT and reduces
the generated power. As indicated in Figure 4.5, the power curtailment is activated
right before 8AM. By reducing the PV power, the voltage at bus 848 is limited at
1.05 per unit as indicated in Figure 4.6. The comparison should be made in the
highlighted windows on Figure 4.3 and 4.6. Figure 4.7 shows the active and reactive
power received from the grid in this case. The imported power from the grid increases
compared with previous case presented in Figure 4.4.
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Figure 4.5: The solar PV power proﬁle after real power curtailment applied.

Figure 4.6: The per unit voltage at PV terminal after power curtailment.
In addition to curtailing the active power, the voltage can be regulated by adjusting reactive power. However, the total apparent power of the inverter cannot
exceed its nominal rating. If the wind or solar inverter absorbs reactive power while
curtailing the active power, we can increase the active power delivered by the renewable sources and keep the bus voltages within the limits. Figures 4.8 through 4.10
show the results when both power curtailment and reactive power management are
applied. The PV inverter absorbs reactive power to lower the bus voltage in order to
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Figure 4.7: Active and reactive power received from the grid after power curtailment.
inject more power to the microgrid. Figure 4.8 shows the active and reactive power
delivered by the solar PV system. The PV bus voltage is limited at 1.05 per unit as
indicated in Figure 4.9. Figure 4.10 shows the reduction in active power and increase
in reactive power received from the grid.
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Figure 4.8: The managed real and reactive power proﬁle of solar PV.

Figure 4.9: The per unit voltage at PV terminal after power curtailment and reactive
power control.

Figure 4.10: Real and reactive power received from the grid after power curtailment
and reactive power control.
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To sum up the three cases shown in Figure 4.2 - 4.4, Figure 4.5 - 4.7, and Figure
4.8 - 4.10, respectively, it is obviously that the last case is the best one because the
terminal voltage is controlled in the designed safe range compared with ﬁrst case, and
also the output real power is higher than that of in second case as the high penetration
is always expected.
The similar simulation and comparisons are also conducted for a 1MW wind power
installed at bus 890 shown as follows. Figure 4.11 shows the wind power proﬁle and
voltage at bus 890 for a 24-hour period. The nominal wind speed of the turbine is
12m/s. The wind power reaches and stays at 1MW starting 12PM. The wind turbine
bus voltage exceeds 1.05 per unit starting 11AM.

Figure 4.11: The results for wind power and bus voltage without wind power curtailment: from top, turbine active and reactive power, bus voltage, and wind speed.
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Figure 4.12 shows the power proﬁle and wind turbine bus voltage after power
curtailment control is applied. In order to reduce the output power of the turbine,
the grid side converter reduces the power export to the grid. This will increase the
rotor speed since the incoming wind power is unchanged. To reduce the mechanical
incoming power, pitch control is applied to increase the pitch angle. Utilizing this
control, the bus voltage is maintained under 1.05 per unit.

Figure 4.12: The results for wind power and bus voltage with wind power curtailment:
from top, turbine active and reactive power, bus voltage, and wind speed.

Figure 4.13 shows the case for power curtailment and reactive power control for
the 1MW wind turbine. The bus voltage is kept under 1.05 per unit and the active
power delivery is signiﬁcantly increased compared with the case in Figure 4.12.
In addition to preventing the over voltage cases, the reactive power compensation
can support the microgrid in case of under voltage. This can be seen in Figures 4.11
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Figure 4.13: The results for wind power and bus voltage with wind power curtailment
and reactive power control: from top, turbine active and reactive power, bus voltage,
and wind speed.
- 4.13 around hour 21.

4.2

Autonomous Control for Microgrid in Grid-tie
Mode

When the microgrid is connected to the grid, the operation of distributed generations and power management are straightforward. In this mode, natural gas generator
is disabled but stood by for islanding. Energy storage system is connected to the system but doing nothing expect for charging if required. Renewable energy resources,
which are one of 250kW solar PV generation and two of 750kW wind generations in
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the system, are providing power following the power management method aforementioned. A 24 hours simulation of the proposed microgrid in grid-tie mode has been
conducted. The solar irradiation and wind speed proﬁles as well as the load proﬁles
are imported by using the real data shown in Chapter 2. The simulation results are
shown in following ﬁgures.
Figure 4.14 shows the real and reactive power delivered by PV. The real power of
the PV is not curtailed due to the more stable system compared with the islanded
mode. The delivered reactive power is observed when the PV terminal voltage drops
below 1 per unit. A hard limit of 0.5 per unit for reactive power is seen around
8pm to 10pm when there is no output real power. A 0.5 power factor limitation for
reactive power management is observed around 8 am. (The power factor at 8am is
approximately computed by cos(arctan( Q
)) = cos(arctan( 0.175
)) ≈ 0.5). The lowest
P
0.1
voltage at PV terminal, which is about 0.95 per unit shown in Figure 4.15, occurs
around 8pm to 10pm when there is no power generated by both PV and wind sources.
Figure 4.16 shows the real and reactive power of the 0.75 MW wind turbine
connected to bus 840. The same power management approach is applied for two
wind sources. By comparing with the power proﬁle shown in Figure 2.7(in Chapter
2), the diﬀerence of real power is due to the power curtailment as the bus voltage
violates the setting limit of 1.04 per unit and reactive power reaches constraints shown
in equation 4.1.1 - 4.1.4. It is worthy to notice that the delivered real power has never
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Figure 4.14: The real and reactive power of the solar PV in grid-tie mode.
reached the rated value of 0.75MW, which means the cables for delivering wind power
need to be re-sized to reduce the voltage deviation aﬀected by the required power ﬂow.
The real and reactive power received from the grid at bus 800 is shown in Figure
4.17. A considerable amount of reactive power provided by the bulk grid is observed
when the high voltages occur at the terminals of inverters of renewable resources,
because the inverters absorb reactive powers to try to manage their terminal voltages.
The worst voltage proﬁle in this case is observed at bus 822 which is a single phase
bus and is far from all the generations. Figure 4.18 shows the voltage proﬁle of bus
822 in grid connected mode, which is in acceptable range.
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Figure 4.15: Voltages at renewable source buses in grid-tie mode.

Figure 4.16: The real and reactive power of the wind turbine on bus 840 in grid-tie
mode.
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Figure 4.17: The real and reactive power delivered by the grid to the system.

Figure 4.18: Voltage proﬁle at bus 822 of the system during grid-tie mode.
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4.3

Droop Control for Microgrid in Island Mode

To model the described microgrid system in island mode, the primary control is
to adjust the real and reactive power of all the sources to regulate the frequency
and voltage of the system. The secondary control is to maximize the power capture
from the renewable energy resources thus to minimize the energy delivered by the
natural gas generator. A droop control is designed for energy storage system (battery)
and natural gas generator to coordinate the sources in order to regulate the system
frequency. The natural gas generator power is forced to zero when the frequency
reaches 61Hz as shown in Figure 4.19, which represents a condition of light load and
high renewable energy. The maximum output power is reached when the frequency
drops to 59Hz which indicates the system in a heavy load and a light renewable energy
condition. The battery starts absorbing power when frequency exceeds 60.5 Hz and
provides power when the frequency falls under 59.5Hz. However, the battery has a
discharge rating of twice as its charging capability. A zero power region designed
for battery in the frequency bandwidth between 59.5Hz and 60.5Hz is to reduce the
charging and discharging cycles when the microgrid moves slightly up and down to
the nominal situation. By this approach, the life time of battery will be apparently
enlarged. A proportional integrator (PI) controller is designed to curtail the wind
power when the frequency exceeds 60.8 Hz. For the solar PV, the curtailment starts
at 60.9 Hz. The sources are divided into droop-controlled and PI-controlled in order
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to prevent oscillations in the system frequency and to maximize the energy delivered
by the renewable sources.

Figure 4.19: The real power droop mechanism for natural gas generator and battery
in the microgrid.

When a source delivers real power, the voltage at its terminal and adjacent buses
rises due to line impedances. However, if the source consumes reactive power, the
terminal voltage may decrease due to line reactance. This concept has been utilized
to regulate the bus voltages. A droop control mechanism has been deﬁned for natural
gas generator, solar PV and battery. The natural gas generator ceases to produce
reactive power when its terminal voltage reaches 1.05 p.u., as shown in Figure 4.20.
It will generate 1 p.u. of reactive power when the terminal voltage drops to 0.95 p.u.
The battery inverter and solar PV inverter will also provide reactive power when their
terminal voltages drop under 1 p.u. The solar PV inverter absorbs reactive power to
lower the voltage when it exceeds 1 p.u.
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Figure 4.20: The reactive power droop mechanism for natural gas generator, solar
PV and battery in the microgrid.
The reactive power of the wind generator is regulated using a PI controller in
order to prevent ﬁghting between sources to adjust the voltage. It controls the reactive power to adjust the terminal voltage at 1 p.u. The reactive power constraints
aforementioned are always actively applied for all inverter interfaced generations.
A 24 hours simulation similar to grid-tie mode for the proposed microgrid is again
conducted in the island mode, but with diﬀerent controls. According to the transition
issues between grid-tie and island will be discussed in the following section. The
results for the island microgrid in 24 hours using the same power proﬁles with the
grid-tie case are shown as follows.
Figures 4.21 - 4.24 show the real and reactive power delivered by the solar PV,
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wind, storage, and natural gas generator. The solar PV power is almost at its maximum capability as shown in Figure 4.21. There are some instances (e.g. during
noon) that PV has to provide reactive power in order to improve the voltage and
consequently, it has to reduce the real power. The voltage problem is mainly caused
by a fast varying wind power. All the sources including storage and natural gas
generator contribute reactive power to improve the voltage at those instances.

Figure 4.21: The real and reactive power delivered by 0.25MW solar PV.
It should also be noted that the inverter-based sources have a maximum current
capability to protect the switches. When the system voltage drops, their capability to
export real and reactive power drops proportionally. This can be seen at 8PM when
the PV terminal voltage is low due to drop in wind power but the PV inverter cannot
contribute 1 p.u. of reactive power since its terminal voltage is around 0.9 p.u.
The energy storage device charges and discharges to support the system frequency
in diﬀerent cases. For instance, after 8PM, the storage supports the system with full
power since there is a large drop in wind power. When the wind energy is at maximum
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Figure 4.22: The real and reactive power delivered by one of the 750kW wind turbines.
(e.g. before 5AM), it absorbs power to adjust frequency.

Figure 4.23: The real and reactive power delivered by two 250kW battery storage
systems.
The natural gas generator supports the system when renewable energy systems
do not provide enough power to support the demand. It also provides reactive power
to support the voltage.
Figure 4.25 shows the voltage at bus 822, which experiences the lowest voltage
proﬁle in the system due to long lines. The voltage stays in the acceptable range
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Figure 4.24: The real and reactive power delivered by 1.5MVA natural gas generator.
during all 24 hours. However, voltages of solar PV and wind buses drop under 0.92
p.u. in several instances, as shown in Figure 4.26.

Figure 4.25: Voltage proﬁle at bus 822 of the system.

To improve the voltage proﬁle for the renewable sources, a voltage regulator has
been added between buses 832 and 852. There are several impedance loads in the system as mentioned earlier. By improving the voltage, the demand of those impedance
loads increases. Right after 8PM, when wind power decreases to zero, natural gas

73

Figure 4.26: Voltage proﬁle of all sources in the system.
and storage cannot meet the system demand. Therefore, the frequency of the system
collapses as shown in Figure 4.27. Due to long transmission lines between natural
gas generator and major loads, the loss in the system increases when renewable resources are not providing power. That adds more stress on the natural gas generator
to supply the demand.
A solution to this problem and to improve the voltage near renewable energy
sources is to move the energy storage device closer to these sources. For instance,
if the storage is moved from bus 828 to bus 832, it can provide voltage support
to renewable sources and supply the adjacent loads when power from these sources
decrease. In addition, this will reduce the loss in the long distribution line between
buses 852 and 854. Figure 4.28 shows the voltage proﬁles of the sources in the system
when the storage is move to bus 832. All voltages remain in the acceptable range.
However, the voltage of some loads, e.g. load at bus 822, drops under 0.88 p.u.
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Figure 4.27: The real power, reactive power, voltage, and frequency of
the natural gas generator when a collapse in the system occurs.
when there is a large drop in wind power. The voltage proﬁle of bus 822 is provided
in Figure 4.29. In addition, this method limits the energy delivery of wind turbine
connected to bus 840.
An alternative solution to the problem is to move the storage to bus 832 but do not
add the regulator between buses 832 and 852. This solution results in better voltage
proﬁle for the system and allows more energy delivery from renewable sources.
Figure 4.30 shows the voltage proﬁle of the sources when the storage is moved to
bus 832. All the voltages are again in acceptable range. The voltages of all loads are
also in the acceptable range. Figure 4.31 shows the total load, generation, and loss in
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Figure 4.28: Voltage proﬁle of sources when a regulator is added
and storage is moved to bus 832.
the system. The total loss of the system is less than the case when storage is placed
on bus 828.
Another solution to the problem is to apply load shedding at buses near renewable energy sources to improve voltage proﬁle. This method is not desirable since it
lowers the energy surety of the system and reduces the energy delivered by renewable
resources.
The aforementioned studies about the location of battery indicate the importance
of optimizing the battery placement. A power system planning study on optimal sizing and locating of energy storage system is continuing after this project. A method
by using voltage sensitivity analysis has been proposed and will be published. A combination of voltage sensitivity analysis and particle swarm optimization is proposing
and studying.
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Figure 4.29: Voltage proﬁle of bus 822 when a regulator is added to the system
and energy storage is moved to bus 832.

Figure 4.30: Voltage proﬁle of sources when storage is moved to bus 832.

Figure 4.31: Total generation, load, and loss in the system when storage is moved to
bus 832.
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4.4

Supervisory Control for Microgrid Transitions
Using Low Bandwidth Communication

In this section, a novel supervisory control scheme using low bandwidth communication is proposed. And the microgrid transition issues between grid-tie mode and
island mode are studied and concluded. The section is divided into 5 sub-sections:
An overview of the proposed supervisory control scheme, Matlab function interface
design in PSCAD to emulate Supervisory Control Unit (SCU), microgrid islanding
(include intentional islanding and unintentional islanding), microgrid reconnection
and black start.

4.4.1

An Overview of the Proposed Supervisory Control Scheme

In the paper, an innovative and comprehensive power management for online
microgrid operation is proposed and developed by combining the local control of
each distributed generation (e.g. P/Q or v/f regulation or droop control) and a
supervisory control with low bandwidth communication. The diagram of the proposed
scheme is shown in Figure 4.32. The supervisory control unit (SCU) is designed
for monitoring the microgrid all the time, but managing the microgrid only during
transition processes. SCU is programmed in Matlab environment interfacing with
microgrid modeled in PSCAD. The ﬂow chart is shown in Figure 4.33. The beneﬁts
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of this approach are: (i) The loss of communication is a big concern in the microgrid
development. This approach minimize the risks, repair costs and potential damages
that are brought by the communication loss issue. Because the microgrid is able to
survive in both grid-tie mode and island mode without communication, the online
communication test and repair are allowed. Besides, if the communication signals
are lost during intentional islanding or reconnection, the microgrid moves to grid-tie
mode or island mode automatically.

Figure 4.32: The diagram of proposed supervisory control scheme.
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Figure 4.33: The ﬂow chart of supervisory control unit.

(ii) The communication signals transmitted between supervisory control unit and
generations and loads use compressed data format instead of real or normalized values.
Each command signal may take 1-3 bits to represent the pre-deﬁned information
vary from diﬀerent purposes. For instance, a regular power command needs only 2
bits to represent roughly or ﬁnely increase or decrease, instead of a 8-bit or 16-bit
accuracy normalized value. An example of data format of signal transmitted from
SCU to natural gas generator is given in Figure 4.34. A 16-bit word fully represents
all required information (communication status, operation mode, start/stop) and
commands (P ,Q,v,f ) for natural gas generator in the proposed supervisory control
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algorithm. After receiving it, natural gas generator is able to judge and adjust its
operation during microgrid transitions. For example, during intentional islanding,
a command of #0200 (BCD code) tells natural gas generator to run in the mode
of P/Q adjustment with roughly increasing of real power and ﬁnely decreasing of
reactive power. The deﬁnition of data format is described in Table 4.1.

Figure 4.34: The proposed data format for the signal transmitted from SCU to natural
gas generator.

Bit 15: Reserved bit for communication status (0-normal; 1-abnormal)
Bit 14: Stop/Start command for natural gas generator (0-start; 1-stop)
Bit 13-12: Operation mode selection
Bit 11-10: Real power adjustment command
Bit 9-8: Reactive power adjustment command
Bit 7-6: Voltage magnitude adjustment command
Bit 5-4: Frequency adjustment command
Bit 3-2: Shift command for voltage magnitude
Bit 1-0: Shift command for frequency magnitude
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Table 4.1: The true table of commands for natural gas generator.
Mode Selection P , Q, v, f , vshi , fshf
(Bit 13-12)
(Bit 11-0)
00 P /Q Adjustment
Up (Roughly)
01 v/f Adjustment
Up (Finely)
10
Shifting Droop
Down (Finely)
11
Reset v/f
Down (Roughly)
Lets approximately estimate and compare the minimum bandwidth for a traditional data format and the proposed data format. Assuming that there are 5 generations within the microgrid, and each generation needs 6 control commands of P , Q, v,
f , vshf and fshf . 16-bit accuracy (0 65535 for unsigned value, and -32767 32768 for
signed value) is adopted. A 10ms communication delay is employed. For a traditional
data format, a minimum bandwidth of 5 × 6 × 16 × (1/0.01) = 48, 000 bps is required,
compared with 5 × 16 × (1/0.01) = 8000 bps for that of proposed data format.
(iii) Although in the paper, the proposed supervisory control scheme is only employed for microgrid transition management, it is technically allowed to adjust distributed generations in grid-tie and island mode, so that any advanced optimal operations such as optimal load ﬂow or economic dispatch are able to be applied to
achieve better performance for the microgrid.
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4.4.2

Matlab Interface Designed for PSCAD

The power system simulator product PSCAD provides Graphic Use Interface
(GUI) for user to build the system. With built-in electric components, miscellaneous functions, and ﬁle I/O etc., researchers can easily establish the power system
and do various analyses such as power ﬂow, short-circuit, fault protection and so on.
However, it is not as easy as other language based simulators to program to realize
a complex algorithm. Fortunately, PSCAD is capable of interfacing with Matlab,
so that, in the paper, the electrical circuits of microgrid and analog control blocks
are built in PSCAD while the advanced control algorithms like supervisory control is
programmed in Matlab function but called by PSCAD when the system is running.
How to build a Matlab module in PSCAD is illustrated in the following example.
In this example, a single phase 1kV/60Hz power source is connected to a 1kW
/0.5kVar load. By sending the voltage and current signal to Matlab interface module,
the instantaneous power is calculated in Matlab environment. The result is returned
to and plotted in PSCAD. The diagram in PSCAD is shown in Figure 4.35. The
waveform of returned instantaneous power is shown in Figure 4.36.

Figure 4.35: An example of Matlab interface module in PSCAD.
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Figure 4.36: The result power waveform returned by Matlab and plotted in PSCAD.
Taking this case for example, the key steps of setup Matlab interface are as follows.
1. Create a component specifying input and output attributes such as name and
number of ports, data dimensions, and data types.
2. Add three basic parameters for the module shown in Figure 4.37, which will
let user conﬁgure the path and name of the .m ﬁles when double click the Matlab
Interface module shown in Figure 4.38. It is worthy to notice that the last parameter
Enabl allows PSCAD to enable or disable the module during simulation. By giving
a 0-1 pulse signal to it, PSCAD is able to run asynchronously to Matlab.

Figure 4.37: Screenshot of the parameters setting for Matlab interface module.
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Figure 4.38: Screenshot of the conﬁguration window for Matlab interface module.

3. Add following script to the Script property. Be aware of name and number of
input and output variables.
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4. Create a ﬁle named Calc p.m in Matlab and program as a function shown as
follow. The name and the path of the ﬁle must match the conﬁguration settings in
PSCAD.

4.4.3

Microgrid Islanding

Both types of microgrid islanding, intentional and unintentional, are studied in this
section. Intentional islanding may occur due to scheduled grid outage or maintenance
issues. Unintentional islanding is a more complex case and may be required due to
grid faults, unscheduled outages, and voltage or/and frequency transients.
Active and reactive controls functions for DGs are diﬀerent in grid-tie and island
modes. During transition, some changes in control functions must be applied. For
instance, in grid-tie mode, natural gas generator is oﬀ, solar PV and wind are following
Maximum Power Point Tracking (MPPT). At the same time, they react to voltage
variations on their feeders by adjusting their reactive power. Energy storage operates
in voltage mode but does not participate in droop functions.
In island mode, natural gas generator is connected. Battery and generator are
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operating in voltage mode and their active power is following frequency droop control.
Active power for renewable sources still follow MPPT, however, in some cases they
may need to curtail their power to stabilize the voltage. Reactive power for all
the sources follows voltage droop control. The active and reactive power control
functions for energy storage and reactive power for renewable sources must change
during transition.

Figure 4.39: The block diagram of the controls for voltage and frequency of storage
inverter.

Figure 4.39 shows the block diagram of the energy storage inverter control proposed and applied in this study. The active and reactive power delivered are adjusted
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by regulating the output voltage magnitude and angle relative to microgrid bus voltage. The controller can adjust the output voltage (and consequently active and
reactive power) according to measured voltage and frequency as well as commands
from a supervisory controller.

Figure 4.40: The block diagram of frequency and voltage controls for natural gas
generator.

Figure 4.40 shows the voltage and frequency control diagram of natural gas generator. Similarly, the terminal voltage and frequency can be adjusted by the given
voltage and frequency bias according to droop control as well as commands from a
supervisory controller.
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A. Intentional Islanding
Intentional islanding, which provides the capability for the microgrid to manually
separate from the bulk grid, leads to potential issues of power balancing, voltage
sag, and frequency oscillation [37]. To prevent the large transient that follows the
loss of the bulk grid, the DGs within microgrid must be preplanned to switch their
controls and share the local loads to minimize the impact of disconnection from the
host utility.
In this paper, we apply a technique to achieve minimal transient condition to perform intentional islanding. The proposed algorithm adjusts the active and reactive
power at point of grid connection to zero before the static switch is opened. Figure 4.41 illustrates the algorithm and procedure to minimize the transients. Power
sharing algorithm is applied to support the loads and voltage through microgrid DG
and energy storage. Before islanding is applied, the power and voltage calculations
of the microgrid determines if there is need for natural gas generators to turn on,
synchronize, and provide support. Due to very high penetration of renewable energy
sources in this conﬁguration, there are several cases where the load within microgrid
is smaller than the power available from renewables and energy storage devices. However, due to the large impedance distribution lines and improper placement of DGs,
the voltage at various buses may be violated if active and reactive power from natural
gas generator are not available [38].
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Figure 4.41: The general algorithm for microgrid intentional islanding.
Case 1: Peak Load without Renewable Energies
In this case, the maximum loading and zero power injection from renewable energies are selected as conditions for the study. The objective is to verify (i) the
microgrid is able to be self-sustaining without renewable energies during intentional
islanding and island mode; (ii) transients due to change in controls functions are
acceptable; and (iii) system voltages and frequency are within the acceptable range
during transition according to IEEE standard 1547.
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Figure 4.42 shows the real and reactive power delivered by grid, natural gas generation and battery. The microgrid is intentionally islanded at 5 second. During time
interval 2, natural gas generator starts up and synchronize to the microgrid, while
the battery provide maximum output power to minimize the transition time. Once
the natural gas generator is connected to the microgrid, it increases its output power
according to the commands sent by Supervisory Control Unit (SCU) until the real
and reactive power delivered by the grid reach nearly zero (in the simulation a power
bandwidth of 1kW and 1kVar is set for opening static switch). There are some manageable transients as shown in time interval 3 due to change is system architecture.

Figure 4.42: Real and reactive power delivered by grid, natural gas generator
and battery during international islanding for case 1.
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During intentional islanding, the SCU commands determines the output power
of natural gas generator and energy storage using control block diagrams of Figures
4.39 and 4.40. In island mode, the voltage and frequency droop control of the same
algorithm takes over the power control [38]. Using the identical control algorithm
minimizes the transients introduced by the transition. The frequency in island mode
drops from 60Hz (on-grid and oﬀ-grid transition) to 59.08Hz (oﬀ-grid) according to
the frequency droop settings (peak load and no renewables) as shown in Figure 4.43.
The voltages at load and renewable source terminals are improved in island mode
compared with grid-tie mode due to the power provide by the storage element.

Figure 4.43: Proﬁles of voltage at source buses and frequency during
intentional islanding for case 1.
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Case 2: Minimum Load with 100% Renewable Energies
A totally diﬀerent condition compared with case 1 is also studied to verify: (i)
the microgrid is able to manage power and regulate the voltage within the safe range
when renewable generation exceeds demand; (ii) power curtailment mechanism for
renewable energies [38] works during intentional islanding, and (iii) the transients of
voltages and frequency are acceptable during transition referring to IEEE standard
1547.
Figure 4.44 shows the real and reactive power delivered by grid, natural gas generator, battery, wind turbine 1, wind turbine 2, and solar PV. Notice that the nominal
capacity for wind turbine 1 and 2 are 750kW. However, since their terminal voltages
exceed the maximum threshold, their output powers are curtailed to limit the voltage.
In contrast with case 1, the system frequency increases from 60Hz (on-grid and
oﬀ-grid transition) to 60.52Hz (oﬀ-grid) as shown in Figure 4.45. The voltages at
renewable buses are above 1 p.u. but within the acceptable range. The voltages of
battery and natural gas generator decrease according to the voltage droop control
(they are supplying more reactive power to the system compared with case 1).
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Figure 4.44: Real and reactive power delivered by the grid and ﬁve sources
during intentional islanding for case 2.

Figure 4.45: Proﬁles of voltage at source buses and frequency during
intentional islanding for case 2.
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B. Unintentional Islanding
When the main grid is lost or the static switch at the Point of Common Coupling
(PCC) opens to prevent DGs from the faults at main grid, the unintentional islanding
occurs, and the microgrid is exposed to voltage and frequency variations. To prevent
large voltage and frequency transients during unintentional islanding, the microgrid
needs to be conﬁgured so that the mismatched power can be immediately compensated by the dispatchable power sources, which requires them to operate in voltage
control mode. Since the natural gas generation is oﬀ-line during grid-connected mode
and the renewable sources are non-dispatchable, the energy storage system becomes
the only power source to adjust the power ﬂow during unintentional islanding and
manage the voltage along with reactive power from renewable sources. Therefore the
energy storage system is sized to be able to support the critical loads so that the
critical loads are supplied in any extreme cases.
In the system studied here, there are a maximum total of 0.42 MW critical and
1MW non-essential loads. During unintentional islanding, all of the non-critical loads
are shed regardless of the output power from renewable energies, until the natural
gas generator is synchronized. Energy storage supports system voltage and frequency,
waits for the synchronization of natural gas generator, and then shares power according to the pre-deﬁned droop curves. Its charging or discharging procedure depends
on the power delivered by renewable energies as well as its state of charge. To test
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the unintentional islanding and load shedding, similar to intentional islanding, two
extreme cases are studied.

Figure 4.46: Unintentional islanding: total load (including losses) and
real power delivered by grid, natural gas generator and battery for case 1.

Case 1: Peak Load without Renewable Energies
Figure 4.46 shows the total load (including losses) and real power delivered by
grid, natural gas generator and battery. The transition of unintentional islanding is
divided into two parts: load shedding and load recovery. When the islanding occurs,
all the non-critical loads are shed at second 5. The storage supports the critical
loads. Natural gas generator is synchronized before second 15. Then the non-critical
loads are reconnected in steps and are picked up by storage and generator according
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to the droop control. Figure 4.47 shows the system frequency and source voltages.
Frequency has a 1.5Hz dip at 5 second because of a short period of power loss. On
the contrary, the source voltages rise at the same moment due to excessive reactive
power delivered by renewable sources. Referring to paper [38], renewable energies are
providing or absorbing reactive power according to their terminal voltages. In this
case, before islanding (5 second), they are providing reactive power to support the
voltages. But when main grid disappears and the load shedding occurs, the reactive
power demand drops suddenly and dramatically. The excessive reactive power lifts
the system voltage and in result generations including renewable energies react to
cease reactive power to regulate the voltage within the required range.
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Figure 4.47: Proﬁles of voltage at source buses and frequency during
unintentional islanding for case 1.

Case 2: Minimum Load with 100% Renewable Energies
Figure 4.48 shows the waveforms of the total load including losses and the real
power delivered by grid, natural gas generator, battery, wind turbine 1, wind turbine 2
and solar PV. The frequency and voltage proﬁles are shown in Figure 4.49. Compared
with case 1, the frequency at second 5 is increased slightly since the load shedding
leads to excessive real power ﬂowing in the system, which increases the frequency and
terminal voltages of renewable sources.

98

Figure 4.48: Unintentional islanding: total load (including losses) and
real power delivered by grid and ﬁve sources for case 2.

Figure 4.49: Proﬁles of voltage at source buses and frequency during
unintentional islanding for case 2.
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4.4.4

Microgrid Reconnection

Before connecting two energized AC power systems, the frequencies and voltages
at both side of the point of common coupling must be the same to minimize the transients and avoid disturbance. Since a microgrid consists of more than one generation,
adjusting system frequency and voltage becomes challenging.

Figure 4.50: The shifting droop control diagram for active power and
frequency during reconnection.

In this paper, a shifting droop control method is proposed to match the voltage
and frequency of the microgrid with grid before reconnection. The diagram of the
proposed method is shown in Figure 4.50. The idea is to shift the preset droop curves
to change the operating frequency and voltage without changing the active/reactive
power sharing between sources. By shifting the droop curves on frequency axis,
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the power demands set points for the sources remain the same due to the same
loading condition, while the actual frequency changes to a new value determined
by the shifting oﬀset value. The shift in voltage and frequency setting is applied
using shf.pf and shf.qv. inputs in Figures 4.39 and 4.40. Each source still operates
individually based on the droop control and the oﬀset is provided by the SCU. One
of the advantages of this method is that even in case of lost communications between
SCU and sources during reconnection, the microgrid is still able to operate normally
in island mode.

Figure 4.51: Waveforms of power delivered by grid, natural gas generator
and battery during reconnection.

This shifting droop control algorithm has been tested and demonstrated in the
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proposed microgrid. According to the droop control, natural gas generator and battery share the total load which is the summation of all 53 loads plus losses minus
renewable energy generations. In order to analyze the performance of the proposed
method, a total constant 1.4MW equivalent load is considered, with 1.2 MW loads,
0.2 MW losses, and zero renewable energy. The reasons for ignoring the renewable
sources and choosing constant load in this test case are: (i) renewables are regarded
as negative load since they are operating in current mode and (ii) any load variations which create frequency variations prolongs the reconnection process. When the
phase angles at both side of PCC match, the synchronizer sends command to close
the breaker. The frequency change aﬀects the phase angle and makes it more diﬃcult
to equalize the phase angle at both sides.

Figure 4.52: Frequencies of the main grid and microgrid during reconnection.
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Figure 4.53: Instantaneous angle (Phase A) of the main grid and microgrid
during reconnection.

Figure 4.51 shows the waveforms of the power delivered by grid, battery and natural gas generator. Three stages are marked in the ﬁgure: oﬀ-grid, on-grid transition
(reconnection), and on-grid. The transients in between three stages are smooth and
power sharing between natural gas generator and battery are kept almost the same.
The natural gas generator power is ramped to zero when reconnection happens and
the load is picked up by the main grid. Figure 4.52 shows the main grid and microgrid
frequency proﬁles. The frequency set point for microgrid in oﬀ-grid mode is 59.3Hz
which can is determined by the droop curves. The grid frequency is set to 59.95Hz
in order to show the grid voltage phase A angle in a saw waveform. (In PSCAD,
voltage angle is always referred to 60Hz and initial phase of zero). Around 25 second,
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a big jump occurs from 59.29Hz to 59.96Hz according to shifting droop technique.
The microgrid frequency is set at 0.01Hz above the grid frequency to adjust the phase
angle. The waveforms of phase angles are shown in Figure 4.53.

4.4.5

Microgrid Black Start

A simple black start mechanism for the proposed microgrid is studied and tested in
this paper. Energy storage, critical loads, non-renewable sources, non-critical loads,
and renewable are started and connected to the system one by one. Speciﬁcally, in the
proposed microgrid, initially the energy storage system is turned on to energize the
transmission lines and transformers. All customers (loads) are disconnected. After
a short period, the critical loads are connected and powered. At the same time, the
natural gas generator starts up and begins synchronizing with the system. Once the
natural gas generator is synchronized and connected to the system, the non-critical
loads are powered step by step. At the end, the renewable energies are allowed to
start and provide power. Figure 4.54 shows the total load and power from battery
and natural gas generator. Figure 4.55 shows the waveforms of voltage and frequency
at PCC.
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Figure 4.54: Real power of total load, battery and natural gas generator.

Figure 4.55: Waveforms of voltage and frequency at PCC.
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Chapter 5
Power Quality and Reliability
Assessment
By integrating a large amount of renewable energy to the power system, the
intermittency of injected power from renewable energy raises concerns of instability
and uncertainty in the power network. According to the speciﬁc microgrid studied in
the project, where the penetration of renewable energy reaches 100%, it is necessary
to assess the microgrid reliability and power quality, so that the performance of the
microgrid is evaluated and the follow-up improvement studies are able to be started
and compared.
In this chapter, the common used power quality indexes in utility companies
are calculated for the proposed microgrid with controls and managements stated
in previous chapters. The indexes are compared in diﬀerent cases. Moreover, a
probabilistic analysis for microgrid reliability is also introduced and developed to
evaluate the voltage stability.

106

5.1

Power Quality Definition

Reliability assessment is very important in the design, planning and operation of
electric power system, especially for distribution system. The performance of distribution systems are typically quantiﬁed by the following issues: evaluation of losses,
power factor, overhead vs. underground designs [39–41]; counts of anomalous events
[42–46]; and power quality at the point of end use [47, 48]. Reliability assessment is
usually using the component reliability data obtained and observed from real system
for the past monthly or yearly period, and applying them to the mathematic model
of the evaluated system to predict and evaluate the reliability performance in future.
By calculating and estimating the probability of a component or system to operate as
expected or not to operate as expected, a reliability assessment tool is able to present
and state the reliable level. Those of the common used indexes by utility companies, which represent the reliability level, are namely System Average Interruption
Duration Index (SAIDI), System Average Interruption Frequency Index (SAIFI), and
Customer Average Interruption Duration Index (CAIDI).
SAIDI is the average outage duration for each customer served. SAIDI is measured
in units of time, often minutes. It is usually measured over the course of a year.
SAIDI =

T otal duration of customer interruptions
T otal number of customers served

(5.1.1)

SAIFI is the average number of interruptions that a customer would experience.
SAIFI is measured in units of interruptions per customer. It is also typically measured
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over the course of a year.

SAIF I =

T otal number of customer interruptions
T otal number of customers served

(5.1.2)

CAIDI is the Customer Average Interruption Duration Index and is described as:

CAIDI =

T otal duration of customer interruptions
SAIDI
=
T otal number of customer interruptions
SAIF I

(5.1.3)

In North American distribution system, the typical ranges for these indexes are:
SAIDI = 1.5 to 3.0 hours
SAIF I = 1.1 to 1.9

(5.1.4)

CAIDI = 0.9 to 2.6 hours

5.2

Power Quality Assessment

The microgrid in the study has 53 loads and ﬁve generations. As described in
Chapter 3 and 4, controls have been implemented for renewable sources and energy
storage inverters to control the voltage in the system and increase the energy delivery
of these sources. In the island mode, the natural gas generator and energy storage
system regulate the system frequency and stabilize the voltage proﬁles according to
the changes of the load. The renewable energies perform as negative loads providing
active power transformed from natural resources. They also provide reactive power
to help regulate their terminal voltage within acceptable range.
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To evaluate power quality of proposed microgrid, several assumptions have been
made. First, the microgrid system is tested only in the island mode, the gridconnected mode and transitions between them are not considered. Second, it’s impossible to import data of a whole year and run the simulation for the course of a year,
instead, a 24-hour real time load and generation data are used. The daily simulation
results will be regarded as a typical daily proﬁle and extended to a year. At last, no
fault situation is considered when assessing power quality indexes.
As we know, the power system performance, which is mainly evaluated by voltage
proﬁles, is varying from the conﬁguration of the system. Particularly in the proposed
microgrid, the locations of transformers (regulators) and energy storage system play
an important role of regulating the overall bus voltages in the microgrid, and in result
the power quality indexes are inﬂuenced. Therefore, to show the inﬂuence of system
conﬁguration, three cases are considered.
1) Case-1 without regulator between buses 832 and 852 and with storage element at
bus 828
2) Case-2 with regulator and energy storage at bus 832
3) Case-3 without regulator and storage at bus 832
It is worthy to mention that, the locations for renewable energies are selected and
are not supposed to be moved because they are typically installed at far end of the
distribution system where people call them weak buses. Bus 848, 840 and 890 are
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computed to be the weak buses to install wind turbine and solar PV. Moreover, by
considering the ﬂexibility of microgrid operation, that is to make the microgrid easy
to connect to or disconnect from the bulk grid, natural gas generator is agreed to be
installed at bus 800.
Voltage monitoring unites have been implemented on each bus to analyze the
voltage proﬁles. Table 5.1 shows the power quality parameters for these three cases.
A load is considered to be interrupted when its terminal voltage falls under 0.88
p.u. It also should be noted that these values only reﬂect the power quality when
all the components of the system function normally. No scheduled or unscheduled
component maintenance is considered. In addition, the results are only for a single
wind and solar PV power proﬁle. Other proﬁles may yield diﬀerent results.
Table 5.1: Power quality parameters for three cases
Case 1 Case 2 Case 3
SAIDI (hrs)
3.25
0.91
0
SAIFI
166
796
0
CAIDI (hrs) 0.0196 0.0011
0

In case 1, each customer has an average of 3.25 hours outage during a year with 166
times of interruption. Each interruption may last for 70.56 seconds (0.0196 hours).
In case 2, each customer has less outage duration which is 0.91 hours during a year,
however, with more interruptions which is 796 times of interruption. Each interruption lasts for 3.96 seconds (0.0011 hours). Case 3 is the best case, where there is no
power outage during a year.
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From the results, obviously, bus 832 is better than bus 828 to place the energy
storage devices. Because geographically, bus 832 is much closer to renewable energies
which provide large power intermittency to the system, and need to be smoothed by
energy storage system. Moreover, in the original system, a regulator is placed between
bus 852 and bus 832 to raise the voltage of the downstream of the system. However,
in the modiﬁed system, since the renewable energies may provide suﬃcient power, the
power ﬂow in the line between bus 852 and bus 832 is not unidirectional anymore.
The extra power will be transferred to upstream buses. Therefore the regulator is not
necessary and even causes the voltage instability as the tap changer reacts very slow
(0.25s).
This power quality assessment not only provides a way to evaluate the surety of
the power system at customer end, it also enables a new approach to plan and improve
the conﬁguration of the system. One can follow the step below to approximately do
a yearly power quality assessment: i) Various typical daily data for diﬀerent season,
temperature and other weather condition can be created, by analyzing a yearly load
and generation proﬁles; ii) Calculate the weights for diﬀerent selected daily data; iii)
Apply each daily data to the simulation model of the power system, and calculate
the power quality indexes. iv) Multiply the power quality indexes of diﬀerent days
with their weights, and sum them up.
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5.3

Probabilistic Load Flow for Microgrid Reliability Assessment

Probabilistic load ﬂow (PLF) is regarded as an eﬀective analytical tool to plan and
evaluate a power system, especially for a system with high penetration of renewable
energies. Diﬀerent from deterministic analyses, PLF opens a gate to look into the
expected reliability of the power system by taking consideration of the uncertainty of
natural resources. In the paper, two types of probabilistic analyses are presented in
the following sections.

5.3.1

Data Based PLF Assessment

For an existed power system, where the load and generation data are available to
use, we can mathematically model the system and evaluate the reliability straightforward by importing the real data. According to the proposed microgrid, which is
modiﬁed from IEEE 34 bus system, our purpose is to convert the original system to
be a microgrid by adding distributed generations and controls. Assuming that all the
load, wind, and PV data are measured and recorded for the proposed system. When
they are applied to the time series load ﬂow, the bus voltages and branch power ﬂows
reﬂect not only deterministic performance of the system by looking at the time series
values, but also probabilistic performance of the system by looking at the histogram
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of the results.

Figure 5.1: Histogram of voltage at bus 822.

The same three cases discussed above will be analyzed and compared in this
section. First, let us consider the original case - Case 1. The simulation results of
the microgrid in island mode has been shown in Chapter 4. Figure 4.25 shows the
voltage proﬁle at bus 822 for 24 hours time period. In another manner, If we draw
the histogram of the selected bus voltage, it gives out a probability distribution of
voltage in per unit shown in Figure 5.1. The corresponding cumulative distribution
is shown in Figure 5.2. By this manner, we are able to calculate the probability
when a selected bus voltage is lower than or higher than a speciﬁc value, so that a
probabilistic assessment can be conducted. For instance, in this case, the probability
when voltage at bus 822 is lower than 0.92 p.u. is computed to be 1.79%.
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Figure 5.2: The cumulative distribution of voltage at bus 822.
In the study, the voltage magnitude is classiﬁed into four types: damageable low
voltage, low voltage, normal voltage, and damageable high voltage. The probabilities
of selected bus voltages in diﬀerent classes are shown in table 5.2. From the table,
we can easily ﬁnd out which bus has high or low voltage issue, and which bus has
a better power quality. For instance, Bus 890 (Solar PV generation) encounters low
voltage problem more than other buses. Either a capacitor bank or a energy storage
device is suggested to install nearby this bus to help improve the voltage. Bus 800 has
a damageable high voltage issue. However, by looking at the system conﬁguration,
we know there is a Natural Gas generator installed at Bus 800, and it needs to adjust
voltage higher than 1.05 pu to ensure other bus voltages in the heavy load condition.
One may also conclude that bus 854 and bus 824 have a better power quality, because
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over 99% their voltage are within normal range.
Table 5.2: Summary of classiﬁed probabilities of selected bus voltages in case 1
Damageable Low Low Voltage Normal Voltage Damageable High
Voltage (≤ 0.92)
(0.92,0.96]
(0.96,1.05)
Voltage (≥ 1.05)
Bus 800
0
0
81.46%
18.54%
Bus 814
0
29.87%
68.85%
1.28%
Bus 818
0
12.99%
86.91%
0.1%
Bus 822
1.79%
42.14%
56.06%
0.01%
Bus 824
0
0
99.97%
0.03%
Bus 832
0.52%
14.78%
84.70%
0
Bus 840
2.25%
13.14%
84.61%
0
Bus 848
3.08%
12.56%
84.36%
0
Bus 854
0
1.5%
99.85%
0
Bus 890
10.33%
16.02%
73.65%
0

The similar analysis is conducted for case 2 and case 3 with the results shown in
Table 5.3 and 5.4. Comparing case 2 with case 1, the low voltage problem for the
downstream buses are improved dramatically, because a regulator has been installed
between bus 832 and bus 854, moreover, the battery has been moved from bus 828 to
bus 832 that the battery has more controllability to downstream buses. However, the
upstream buses which is far from generations such as bus 818 and bus 822 encounter
low voltage issues.
In case 3, the regulator is removed in order to improve the upstream voltage
proﬁles. Although it may lower downstream voltage magnitudes, there are renewable
energies and batteries which are capable of regulating downstream bus voltages. From
the results, there is tiny chance of damageable low voltage issue occurs at bus 822
and bus 890, but overall, the system is operating within a reliable environment.
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Table 5.3: Summary of classiﬁed probabilities of selected bus voltages in case 2
Damageable Low Low Voltage Normal Voltage Damageable High
Voltage (≤ 0.92)
(0.92,0.96]
(0.96,1.05)
Voltage (≥ 1.05)
Bus 800
0
0
96.90%
3.10%
Bus 814
2.50%
88.07%
9.24%
0.19%
Bus 818
5.46%
66.96%
27.58%
0
Bus 822
50.21%
42.99%
6.79%
0
Bus 824
0
0
100%
0
Bus 832
0
0
99.57%
0.43%
Bus 840
0
0
99.67%
0.33%
Bus 848
0
0
99.81%
0.19%
Bus 854
0
0.21%
99.79%
0
Bus 890
0
0.37%
99.63%
0
To intuitively show and compare the results, ﬁgure 5.3 - 5.5 depict the column
charts of each case. Obviously, green column in case 3, representing normal operation,
is overall higher than other two cases, while blue and purple columns (damageable
low and high voltage) are lower.
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Table 5.4: Summary of classiﬁed probabilities of selected bus voltages in case 3
Damageable Low Low Voltage Normal Voltage Damageable High
Voltage (≤ 0.92)
(0.92,0.96]
(0.96,1.05)
Voltage (≥ 1.05)
Bus 800
0
0
84.19%
15.81%
Bus 814
0
36.13%
63.87%
0
Bus 818
0
14.44%
85.56%
0
Bus 822
1.93%
41.16%
56.91%
0
Bus 824
0
0
100%
0
Bus 832
0
0.21%
99.79%
0
Bus 840
0
0.36%
99.64%
0
Bus 848
0
0.38%
99.62%
0
Bus 854
0
0
100%
0
Bus 890
0.13%
13.53%
86.34%
0

Figure 5.3: Column chart of case 1.
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Figure 5.4: Column chart of case 2.

Figure 5.5: Column chart of case 3.
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5.3.2

Model Based PLF Assessment

In this section, a model based PLF assessment tool is presented. As we know, in
most cases when utility company plans for a power network, such as the placement of
reactive power compensators, generations, and transformers etc., the time series load
data for a long time period is impossible to have. In order to ensure the reliability
of the power system, a nominal load or peak load condition is always regarded as a
worst case to conduct the planning analysis. For example, a traditional VAR compensation optimization is always conducted under the worst case. However with the
increasing of renewable energy penetration in power system, the planning analysis
faces a new challenge that is the renewable energy is non-dispatchable and brings
large power intermittency into the power system. This section oﬀers a novel model
based PLF algorithm to reﬂect a more accurate probabilistic nature of load ﬂow with
consideration of wind and solar powers. It can help system operators understand the
load ﬂow distribution and do the long term planning based on the results.
So far, various techniques for model based PLF analysis have been studied in
the literatures. A new probabilistic load ﬂow algorithm to account for input data
uncertainties in the load ﬂow calculation is proposed in [49]. The paper assumed
the uncertainty of the line parameters and bus injections can be estimated or measured and showed how to estimate the true distributions of the solution of a load
ﬂow problem for networks with constant conﬁguration. In [50], Borkowska studied
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the network as a DC equivalent model, and accounted for nodal data uncertainty
to ﬁnd the distributions of branch ﬂows. [51] proposed a method for probabilistic
load ﬂow in networks based on the properties of the cumulants of the probabilistic
density functions (PDF) and the Cornish-Fisher expansion. The author compared
the results to those obtained by using Gram Charlier expansion, and demonstrated
that the Cornish-Fisher expansion is more suitable for non-Gaussian distribution.
[52] presented a probabilistic model of wind farm generation that combines the wind
turbine and induction wind generator models. In the model, the real power injected
and reactive power absorbed by the wind turbine were described as the function of
the voltage magnitude, the slip of the induction machine and circuit parameters of
the wind turbines. Then the PLF equations can be solved by performing a uniﬁed
iteration for original state variables and the slip. Another PLF method based on the
point estimation is proposed in [53]. In the paper, a two-point estimation method
is induced to solve for PLF problem. It stated that if the uncertain parameters
considered can be measured or estimated, the distributions of all state variables and
line-ﬂow quantities can be accurately and eﬃciently evaluated with the proposed twopoint estimate method through simple numerical computations. However, for better
results, a larger number of estimate points could be used in the proposed method.
Therefore, a 3-point estimation method and 5-point estimation method are developed
in [54] and [55] respectively.
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Based on the previous work in [55], a novel PLF assessment algorithm by using 5
point estimation method (5PEM) is proposed. Before applying the algorithm to the
proposed microgrid, a IEEE 118 bus test system is adopted to perform power ﬂow
studies and verify the algorithm. In this test system, two wind farms are considered.
The wind data for city of Milwaukee and Madison are utilized and ﬁtted to Weibull
distribution. The Cornish-Fisher expansion is applied to perform the probabilistic
load ﬂow in continuous PDF which is intuitive to power system operators. To actually
represent the correlations between the wind farms, a bivariate distribution model
based on the copula method is developed, and the spatiotemporal dependencies of
two wind farms (located in Milwaukee and Madison) is discussed. The comparison
of correlated and non-correlated situation demonstrates the signiﬁcance of modeling
wind farms with consideration of spatiotemporal dependencies.

Probabilistic Model for Wind Farm
Weibull distribution is considered to be the best probabilistic description of wind
speed. The probability density function of the Weibull distribution is deﬁned as
follow,

f (x|λ, k) =

k ( x )k−1 −( λx )k
e
λ λ

(5.3.1)

Where k is called shape parameter, and is the scale parameter.
For analysis of probabilistic load ﬂow (PLF), the injected power distribution of
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wind turbine is needed, instead of wind speed distribution. Therefore, the power
curve should be deﬁned, which represents the relationship between the wind speed
and the injected power of wind generator. In this paper, a VESTAS V82 type wind
turbine is chosen. Figure 5.6 shows the power curve of V82.

Figure 5.6: VESTAS V82 wind turbine power curve.
To simplify the problem, a linear approximation equation is used, which is shown
in equation 5.3.2. Y is the injected power. X is actual wind speed. M is the
maximum power of wind turbine. α and β are the linear parameters. Vci , Vco and
Vno , respectively, denote the cut-in wind speed, cut-out wind speed and nominal wind
speed.



0





Y = α + βX






M

if X ≤ Vci or X > Vco
if Vci ≤ X ≤ Vno
if Vno ≤ X ≤ Vco

(5.3.2)
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5-Point Estimation Method
To reduce computational eﬀorts in PLF problems, the continuous probability distribution of input power generation source is replaced by a discrete distribution,
sometimes known as the ”Point Estimation” method. The basic idea behind the discretization scheme is to group the values of the continuous random variable into a
ﬁnitely group.
Instead of a continuous PDF, the 5 points discrete probability mass function
(PMF) is built to represent the injected power distribution. The basic algorithm is
described as follows,
P1 = P rob{Y = 0} = P rob(X ≤ Vci ) + P rob(X > Vco )

(5.3.3)

P5 = P rob{Y = M } = P rob(Vno ≤ X ≤ Vco )

(5.3.4)

For Vci ≤ X ≤ Vno redeﬁne PDF of Y
f˜Y (y|λ, k) =

1
f
β

(

y−α
|λ, k
β

)

1 − P1 − P5

(5.3.5)

Notice that
∫

M

f˜Y (y|λ, k)dy = 1

(5.3.6)

0

This fact will be used in the discretization of the continuous component of Y.
Deﬁne
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∫

M

y f˜Y (y|λ, k)dy

(5.3.7)

(y − µ˜Y )2 f˜Y (y|λ, k)dy

(5.3.8)

µ̃Y =
0

∫
σ̃Y2

M

=
0

∫
λj =
0

M

(

y − µ̃Y
σ˜Y

)j
f˜Y (y|λ, k)dy

(5.3.9)

µ̃Y is the mean of Y ;
σ̃Y is the standard deviation of Y ;
λj is the jth central moment of Y ;
Let z =

y−µ̃Y
σ̃Y

denote the standardized value of Y .

The moment equations are given by
4
∑

pi zi = λj

f or j = 1, 2, 3, 4

(5.3.10)

i=2

Where pi is the probability corresponding to zi .
Solve for above equation, we can obtain

√

λ
3λ23

3

z
=
−
λ
−

2
4


2
4


z3 = 0



√



3λ2
λ3

 z4 =
+ λ4 − 3
2
4

−1

p2 =



z2 (z4 − z2 )



p3 = 1 − p2 − p4





1

 p4 =
z4 (z4 − z2 )

(5.3.11)

(5.3.12)
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By use equation 5.3.11 and 5.3.12, we can estimate 3 point discrete distribution
p2 , p3 and p4 with corresponding location z2 , z3 and z4 for f˜Y . Then estimated point
Yi and associated probabilities Pi can be obtained as


Y2 = µ̃Y + σ̃Y z2
and P2 = p2 (1 − P1 − P5 )





Y3 = µ̃Y
and P3 = p3 (1 − P1 − P5 )






Y4 = µ̃Y + σ̃Y z4
and P4 = p4 (1 − P1 − P5 )

(5.3.13)

Cornish Fisher Expansion
By using 5-point estimation method, the load ﬂow analysis only needs to be run 5
times instead of thousands of times by Monte Carlo method. However, the results are
expressed in 5 distributed points, while the continuous PDF or cumulative distribution
function (CDF) is more understandable and useful to illustrate the probabilistic load
ﬂow. So reconstructing the continuous distributions of nodes voltage and line ﬂow is
required. Theoretically, if we know the moments or cumulants of a random variable,
it is possible to obtain its PDF or CDF. One approach is called Cornish Fisher
expansion which is related to the Gram Charlier series. This approach provides an
approximation of a quantile of a cumulative distribution function F(x) in terms of
the quantile of a normal N(0,1) distribution and the cumulants of F(x). [56]
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Using ﬁrst ﬁve cumulants, it can be expressed as:
1
1
x(α) ≈ ζ(α) + (ζ 2 (α) − 1)κ3 + (ζ 3 (α) − 3ζ(α))κ4
6
24
1
1 4
(5.3.14)
− (2ζ 3 (α) − 5ζ(α))κ23 +
(ζ (α) − 6ζ 2 (α) + 3)κ5
36
120
1
1
− (ζ 4 (α) − 5ζ 2 (α) + 2)κ3 κ4 +
(12ζ 4 (α) − 53ζ 2 (α) + 17)κ23
24
324
Where,
x(α) = F −1 (x)

(5.3.15)

ζ(α) = Φ−1 (α)

(5.3.16)

κi is the ith cumulants, which are deﬁned as follows:
κ1 = µ
κ2 = µ2
κ3 = µ3

(5.3.17)

κ4 = µ4 − 3µ22
κ5 = µ5 − 10µ3 µ2
Where, µ = E(x), µr = E[(x − µ)r ].

Copula Method for Modeling Joint Distribution
Since power systems may have more than one wind farm, it is necessary to consider
the wind speed dependencies. In this paper, a bivariate distribution of two wind farms
(located in Milwaukee and Madison respectively) is constructed by using of the copula
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method. The Copulas are functions that join or couple multivariate distribution
functions to their one-dimensional marginals. Alternatively, copulas are multivariate
distribution functions whose one-dimensional marginals are uniform on the interval
[0,1]. [57]
Let FXY denote the joint cumulative distribution function with marginals FX (x)
and FY (y). Then there exists a copula C such that for all x and y,
FXY (x, y) = C(FX (x), FY (y))

(5.3.18)

In the paper, a Clayton copula function is chosen such that
FXY (x, y) = (FX (x)−a + FY (y)−a − 1)− a
1

(5.3.19)

Where a is the correlation coeﬃcient. Then the bivariate probability density
function can be obtained
fXY (x, y) =

∂ 2 FXY (x, y)
∂x∂y

= (1 + a)FX (x)−a−1 FY (y)−a−1

(5.3.20)

(
)− 1 −2
· FX (x)−a + FY (y)−a − 1 a fX (x)fY (y)
The injected power is in the form of mixed distribution model (zero power and
max power are deﬁned by cut-in, cut-out and nominal wind speed), therefore, the
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continuous part of distribution can be redeﬁned as:
(
(
)k )−a−1 (
(
)k )−a−1
(1 + a)
x̃ − α1 1
ỹ − α2 2
fXY (x̃, ỹ) =
exp −
exp −
β1 β2 p11−33
β1 λ1
β2 λ2
((
)− a1 −2
(
)k1 )−a (
(
)k2 )−a
x̃ − α1
ỹ − α2
(5.3.21)
·
exp −
+ exp −
−1
β1 λ1
β2 λ2
) (
)
(
ỹ − α2
x̃ − α1
|λ1 , k1 f
|λ2 , k2
·f
β1
β2
∫ cr1 ∫ cr2
Where, p11−33 = ci1 ci2 fXY (x, y) denotes the weight of linear region of power
curve.
Then the central moments can be obtained by:
∫

M1

∫

λij =
0

0

M2

(

x̃ − µx
σx

)i (

ỹ − µy
σy

)j
f (x̃, ỹ|λ1 , k1 , λ2 , k2 )dxdy

(5.3.22)

Similarly, by applying equations 5.3.10 - 5.3.13, we can obtain 25 points joint
distribution of injected power of two wind farms. The load ﬂow analysis, thus, can
be performed by using these discretized points.

Simulation Results in IEEE 118 Bus System
A. Simulation conditions and assumptions
The performance of the proposed method is tested on IEEE 118 bus system (refer
to Power Systems Test Case Archive [31]), modiﬁed to include 2 wind farms which
are located at Bus 10 and Bus 12. The research is based on the assumption that
all wind turbines in the same wind farm have similar wind speed distribution such
that we can regard each wind farm as an aggregated wind turbine which meets the
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approximately linear power curve shown in Figure 5.6. The parameters of four wind
farms are shown in Table 5.5.
Table 5.5: Parameters of two wind farms
k
λ
α
β
Max Power
Bus10 2.6668 13.0065 -163.64 45.76
450MW
Bus12 2.5034 10.0434 -30.91 8.64
85MW

In the paper, the voltage at the bus 38 and the line ﬂows in the Branch 54 (from
Bus 30 to Bus 38) are selected to illustrate the performance of the proposed PLF
algorithm, because they are the worse cases in the results.
B. Comparison of 5PEM with Monte Carlo Method
In this simulation, the performance of 5-point estimation (5PEM) method is tested
by comparing with 1000 times of Monte Carlo (MC) method. In this case, only Bus
10 is selected as random source.
Figure 5.7 (a) shows the histogram of wind speed (1000 points), and (b) gives the
corresponding injected power. By performing load ﬂow analysis 1000 times, the line
ﬂow and voltage distribution can be plotted in Matlab. Picture (c) is 5 points distribution of injected power generated by 5PEM method which has equivalent moments
and cumulants to the distribution shown in (b). By using Cornish-Fisher expansion,
we can reconstruct the continuous PDF of 5 points distribution, shown in (d).
By carrying out load ﬂow analysis, both MC method and 5PEM method give
out the distribution of voltages and line ﬂows. Figure 5.8 shows the CDF of bus 38
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(a) Histogram of wind speed
by Monte Carlo

(b) Histogram of injected power
by Monte Carlo

(c) 5 points distribution of
injected power by 5PEM

(d) PDF of injected power by
Cornish-Fisher expansion

Figure 5.7: Wind farm modeling by Monte Carlo and 5PEM
voltage magnitude and the CDF of branch 54 (from bus 30 to bus 38) real power
ﬂow. From the ﬁgures we can easily ﬁnd that the proposed 5PEM method shows a
high accuracy by comparing the results with those from MC method. In addition,
by calculating the root mean square (RMS) error, the diﬀerence between 5PEM and
MC method is shown in Table 5.6. However, MC requires to run load ﬂow 1000 times
while the proposed 5PEM method requires only 5 times.
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(a) The CDF comparison of
bus 38 voltage magnitude

(b) The CDF comparison of
branch 54 real power ﬂow

Figure 5.8: The results comparison between MC and 5PEM
Table 5.6: RMS error between MC and 5PEM
Bus 38 voltage Branch 54 Line Flow
RMS error(%)
0.1223
0.1892
C. Eﬀects of VAR Compensation
In the power system, reactive power compensation or called VAR compensation
is widely used to regulate bus voltage, reduce energy loss, and enhance reliability.
PLF could be an assessment tool for VAR compensation. A simple example is shown
in Figure 5.9 which gives the probabilities of voltage magnitude at Bus 38 when it
is lower than 0.95 per unit and greater than 0.96 per unit. In the original case, the
probability of the voltage lower than 0.95 is 30.8%. If it is necessary to improve Bus
38 voltage, we can simply add shunt capacitor at Bus 38. For instance, after adding
40 MVAR, that probability decreases to 0%.
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(a) The CDF of Bus 38 voltage
magnitude before compensation

(b) The CDF of bus 38 voltage
magnitude after compensation

Figure 5.9: The comparison of CDF of bus 38 voltage magnitude before and after
VAR compensation.

D. Simulation of PLF Considering Spatiotemporal Dependencies of Two Wind
Farms
Based on the copula method discussed above, a simulation of the PLF considering
two interdependent wind farms is carried out. Bus 10 and Bus 12 are selected as
random sources. The wind speed parameters are obtained from two observatories
located in Milwaukee and Madison, WI. The correlation coeﬃcient is ﬁtted by the
real data. Figure 5.10 (a) and (c) show the continuous bivariate PDF of wind speed
assuming dependent and independent. (b) and (c) shows the 25 points distribution
of injected power using 5PEM method, also assuming dependent vs independent. By
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comparing of (a) and (c), we can see that the dependent joint distribution tend to
concentrate on the diagonal, which means that the wind speed at location 1 tends to
be not too much diﬀerence of location 2. For instance, if the average wind speed at
Milwaukee is 10 m/s, the most possible average wind speed at Madison is around 10
m/s.

(a) The bivariate PDF of wind
speed assuming independent

(b) The bivariate PDF of injected
power assuming independent

(c) The bivariate PDF of wind
speed assuming dependent

(d) The bivariate PDF of injected
power assuming dependent

Figure 5.10: Bivariate distribution model for wind farms
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By performing load ﬂow analysis using these 25 points and applying CornishFisher expansion, the probability distribution of bus voltage and line ﬂow can be
obtained. Figure 5.11 shows the comparison of CDF assuming independent and dependent. Obviously, the results indicate a signiﬁcantly diﬀerence that demonstrates
the importance of modeling wind farms with considering spatiotemporal dependencies.

(a) The CDF comparison of
voltage magnitude at bus 38

(b) The CDF comparison of
real power in branch 54

Figure 5.11: The CDF comparison between dependent and independent situation.

PLF Assessment for Microgrid
In this section, the model based PLF assessment discussed above is applied to the
proposed microgrid. The main purpose is to evaluate the impact of wind power on the
microgrid with diﬀerent system conﬁguration. There are several assumptions made in
this study: 1) A peak load condition is considered since we assume that no time series
load information are available; 2) Solar PV is ignored; 3) two wind generations are
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considered to be located far from each other with diﬀerent wind speed distributions.
In this study, 10 year wind data for city of Milwaukee and Madison are ﬁtted by
Weibull distributions, which are applied for two wind turbines (Each one is 750kW
rated).
Following the equations 5.3.1-5.3.22 as stated above, a 25-point distribution of
two dependent wind turbines are obtained shown in Table 5.7.
Table 5.7: 25 point distribution of two dependent wind turbines
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Prob. W1
0.075153
0.075153
0.075153
0.075153
0.075153
0.209602
0.209602
0.209602
0.209602
0.209602
0.422509
0.422509
0.422509
0.422509
0.422509
0.200057
0.200057
0.200057
0.200057
0.200057
0.09268
0.09268
0.09268
0.09268
0.09268

W1 Power (kW)
0
0
0
0
0
94.00282
94.00282
94.00282
94.00282
94.00282
363.4498
363.4498
363.4498
363.4498
363.4498
645.7523
645.7523
645.7523
645.7523
645.7523
750
750
750
750
750

Prob. W2
0.160093
0.21362
0.458035
0.154801
0.01345
0.160093
0.21362
0.458035
0.154801
0.01345
0.160093
0.21362
0.458035
0.154801
0.01345
0.160093
0.21362
0.458035
0.154801
0.01345
0.160093
0.21362
0.458035
0.154801
0.01345

W2 Power(kW)
0
54.2458
275.964
581.9281
750
0
54.2458
275.964
581.9281
750
0
54.2458
275.964
581.9281
750
0
54.2458
275.964
581.9281
750
0
54.2458
275.964
581.9281
750

Joint Prob.
0.022347
0.034373
0.069287
0.032807
0.001277
0.016054
0.068152
0.097781
0.013577
0.018056
0.035576
0.101615
0.189226
0.094056
0.037562
0.001163
0.005157
0.0656
0.059326
0.023555
1.20E-05
0.000305
0.000614
0.000291
0.012228
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After importing these data into the microgrid model in PSCAD, we are able to
have the steady state power ﬂow solutions for all bus voltages. The same selected bus
voltages are listed in the following tables for three cases.
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By using Cornish-Fisher expansion, an estimated continuous distribution for all
bus voltages in three cases are able to be obtained. Figure 5.12 shows a comparison
of cumulative distribution functions of Bus 822 voltage in three cases. The same voltage classiﬁcation is deﬁned as damageable low voltage, low voltage, normal voltage,
and damageable high voltage, so that the probabilities of each class in three cases
are obtained. Table 5.8-5.10 list selected bus voltages probabilities for three cases,
respectively.

Figure 5.12: The comparison of cumulative distribution of voltage at bus 822 in three
cases.
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Table 5.8: Summary of classiﬁed probabilities of selected bus voltages in case 1
Damageable Low Low Voltage Normal Voltage Damageable High
Voltage (≤ 0.92)
(0.92,0.96]
(0.96,1.05)
Voltage (≥ 1.05)
Bus 800
0
0
94.63%
5.37%
Bus 814
4.09%
59.21%
36.70%
0
Bus 818
0.02%
58.32%
41.66%
0
Bus 822
29.12%
65.94%
4.94%
0
Bus 824
0
0
1
0
Bus 832
0
0
1
0
Bus 840
0
0
1
0
Bus 848
0
1.04%
99.96%
0
Bus 854
0
0
1
0
Bus 890
0
8.85%
91.15%
0

Table 5.9: Summary of classiﬁed probabilities of selected bus voltages in case 2
Damageable Low Low Voltage Normal Voltage Damageable High
Voltage (≤ 0.92)
(0.92,0.96]
(0.96,1.05)
Voltage (≥ 1.05)
Bus 800
0
0
1
0
Bus 814
20.33%
79.67%
0
0
Bus 818
7.08%
86.11%
6.81%
0
Bus 822
67.72%
32.28%
0
0
Bus 824
0
0
1
0
Bus 832
0
0
1
0
Bus 840
0
0
1
0
Bus 848
0
0
1
0
Bus 854
0
3.75%
96.25%
0
Bus 890
0
0
1
0
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Table 5.10: Summary of classiﬁed probabilities of selected bus voltages in case 3
Damageable Low Low Voltage Normal Voltage Damageable High
Voltage (≤ 0.92)
(0.92,0.96]
(0.96,1.05)
Voltage (≥ 1.05)
Bus 800
0
0
94.52%
5.48%
Bus 814
0
8.69%
91.31%
0
Bus 818
0
4.09%
95.91%
0
Bus 822
1.04%
31.23%
67.72%
0
Bus 824
0
0
1
0
Bus 832
0
5.59%
94.41%
0
Bus 840
0
6.81%
93.19%
0
Bus 848
0
7.08%
92.92%
0
Bus 854
0
0
1
0
Bus 890
0
5.26%
94.74%
0

From tables above, the conclusions similar to data based analysis can be drawn
that are 1) case 2 has a little bit improvement on downstream bus voltages but
it impairs the upstream voltage proﬁles. 2) case 3 has an overall better voltage
performance among three cases. 3) Wind power has more impact on bus 814, bus
818 and bus 822. Figure 5.13- 5.15 illustrate three cases in column charts.
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Figure 5.13: The column chart of case 1.

Figure 5.14: The column chart of case 2.
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Figure 5.15: The column chart of case 3.
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Chapter 6
Extended Research
The proposed microgrid discussed above serves as a benchmark for microgrid
analysis and development. The mathematical models of microgrid components and
their controls as well as system level operation and management have been presented.
In this chapter, an in building microgrid at City of Fort Sill, OK., is modeled by
following a similar procedure. The Fort Sill Microgrid (FSMG) consists of 2 natural
gas generator, a wind turbine, a Solar PV panel, and a battery. The microgrid
components are modiﬁed and scaled from the models discussed in chapter 3 to meet
the requirements of FSMG. Several simulations for FSMG operation are conducted.
Moreover, an initial research for extended FSMG and the concept of multi-microgrid
have been introduced and discussed. At last, a 1MW multi-inverter based microgrid
built at Eaton Power Lab is presented and various experiments have been conducted.
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6.1

Modeling of Fort Sill Microgrid

The FSMG conﬁguration is shown in Figure 6.1. The main bus is rated at
480V/60Hz. The nominal capacity of FSMG is 630kW. It is connected to the utility
grid through a 0.48kV/13.20kV transformer and a static switch. The generations in
this microgrid include two natural gas generators each rated at 190 kW, one 30 kW
solar PV system, a 2.5 kW wind turbine and a 250 kW energy storage device. The
solar PV and wind turbine generators are connected to the system through inverters operating in current mode and the energy storage inverter is operated in voltage
mode. The system also includes various motor loads and variable power loads. Motor
loads mainly include chillers, water pumps and air compressors. This microgrid can
operate in grid-tie mode and island mode. The energy storage system is always connected to the microgrid with a capability of providing maximum 400kW for 3 mins
(250kW for continuous).
Since all the FSMG components are modeled similar to IEEE 34 bus microgrid,
the detailed models are not necessarily presented in the paper. The parameters of
natural gas generator is listed in Table 6.1.
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Figure 6.1: The one-line diagram of Fort Sill Microgrid.

Table 6.1: Parameters of 240kVA natural gas generator used in FSMG
Rated Line-to-Neutral Voltage
Vr
277 [V]
Rated Line Current
Ir
288 [A]
Inertia Constant
H
0.64 [s]
Armature Time Constant
Ta
0.017 [s]
Potier Reactance
Xp 0.147 [pu]
Unsaturated Reactance d-axis
Xd 2.877 [pu]
Unsaturated Transient Reactance
Xd′ 0.184 [pu]
′
Unsaturated Transient Time (Open)
Tdo
1.46 [s]
′′
Unsaturated Sub-transient Reactance
Xd 0.166 [s]
′′
Unsaturated Sub-transient Time (Open) Tdo
0.162 [s]
Unsaturated Reactance Q-axis
Xq 1.415 [pu]
Unsaturated Sub-transient Reactance
Xq′′ 0.15 [pu]
′′
0.162 [s]
Unsaturated Sub-transient Time (Open) Tqo
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Simulation Condition
Same wind speed and solar irradiation proﬁles have been applied shown in Figures
6.2 and 6.3. The power ratings have been scaled to 50kW and 30kW for wind and solar
generations respectively. A constant peak load with 0.85 power factor is considered.

(a) Wind speed proﬁle (m/s)

(b) Wind power proﬁle (M W )

Figure 6.2: Measured wind speed data and corresponding power delivered by wind
turbine.

(a) Solar irradiation data (W/m2 )

(b) Solar PV power proﬁle (MW)

Figure 6.3: Measured solar irradiation data and corresponding power delivered by
Solar PV.

Simulation in Island Mode
The selected simulation results are depicted in Figures 6.4 and 6.5.
Pd & Qd - The real and reactive power delivered by natural gas generator 1.
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Pb & Qb - The real power and reactive delivered by battery.
Pw & Qw - The real power and reactive delivered by wind turbine.
Ppv & Qpv - The real power and reactive delivered by Solar PV.
Frequency - microgrid frequency measured at main bus.
VM - Voltage at Main bus.

(a) Real power (M W )

(b) Reactive power (M V AR)

Figure 6.4: Real and reactive power delivered by natural gas generator, battery, wind
turbine and Solar PV.

The low frequency oscillations (about 1-2 Hz) of voltage magnitude and frequency
are caused by the motor loads, and mismatch of exciter and governor controls between
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(a) System frequency (Hz)

(b) Voltage at main bus (p.u.)

Figure 6.5: Waveforms of system voltage and frequency.
two generators. It is necessary to develop Power System Stabilizer (PSS) [58] for two
generators in future to compensate these low frequency oscillations.

Simulation Results of Microgrid Transitions
The seamless transition management proposed in Chapter 4 is applied to FSMG.
Two tests have been conducted. Figure 6.6 and 6.7 show a full microgrid operation
from on-grid ⇒ intentional islanding ⇒ oﬀ-grid ⇒ re-synchronization ⇒ on-grid.
Figure 6.8 and 6.9 show another case of microgrid operation from on-grid ⇒ unintentional islanding ⇒ oﬀ-grid ⇒ re-synchronization ⇒ on-grid.
1, 2, 3, and 4 in mode waveform represent for on-grid, islanding, oﬀ-grid, and reconnection respectively. From results, the microgrid has smooth transitions according
to the change of operation.
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Figure 6.6: Real power delivered by
grid, battery and natural gas generators (upper);
Operation mode in case of intentional
islanding (lower).

Figure 6.7: The microgrid and bulk
grid frequencies (upper);
Diﬀerence of instantaneous phase
angles between left and right side of
static switch (lower).

Figure 6.8: Real power delivered by
grid, battery and natural gas generators (upper);
Operation mode in case of
unintentional islanding (lower).

Figure 6.9: The microgrid and bulk
grid frequencies (upper);
Diﬀerence of instantaneous phase
angles between left and right side of
static switch (lower).
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6.2

Modeling of Extended FSMG

FSMG represents the building 5900 which is connected to 13.2kV feeder via an AC
Flex-Bus Inverter. There are other buildings and a 2 MW Waste Water Treatment
Plant (WWTP) under 13.2kV substation. The whole system is illustrated in Figure
6.10, namely Extended Fort Sill Microgrid (EFSMG).
The main components of extended FSMG are listed in Table 6.2. The total nominal load is around 2MW. The power rating for Solar PV increases to 200kW which
will be installed at the roof of building 5900. And a 100kW wind turbine will be
added to the system about 1.5 miles away from the building.
Table 6.2: List of capacities of main components within EFSMG
Devices
Capacity
G1
410kW (0.8 P.F.)
G2
410kW (0.8 P.F.)
G3
350kW (0.8 P.F.)
G4
350kW (0.8 P.F.)
FSMG (Building 5900)
830kW (G) / 460kW (L)
Building 5970
300kW (Tentative)
Building 6050
300kW (Tentative)
Building 5950
300kW (Tentative)
Building 5960
300kW (Tentative)
Building 5800
300kW (Tentative)
Wind (1.5 miles away)
100kW
Natural Gas 1 (FSMG)
190kW (0.8 P.F.)
Natural Gas 2 (FSMG)
190kW (0.8 P.F.)
Storage System (FSMG) 250kW(cont.)/400kW(3 mins)
Wind (FSMG)
2.5kW
PV (FSMG)
200kW
AC Flex-Bus Inverter
600kVA / 300kVA
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Figure 6.10: The schematic of extended Fort Sill Microgrid.
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The AC ﬂex-bus inverter is a key to operate EFSMG. It serves as a power coordinator between two AC networks. Its key features include 1) independently managing
voltages, frequencies, and phase angles for two AC networks; 2) playing a role of a
short-term storage to smooth power intermittencies caused by renewable energy or
interruptible loads; 3) isolating two AC networks by transformers and DC-link and
preventing fault current ﬂowing from one side to the other side.
Several initial studies and tests have been conducted. Figure 6.11 - 6.13 show a
case of islanding the 13.2kV feeder from upstream grid with opening power of 200kW.
The EFSMG moves to droop control with 0.3% frequency dip. The power delivered
by WWTP, FSMG and Grid before and after the island are listed in Table 6.3.

Figure 6.11: Power curves during islanding with 200kW opening power.

Figure 6.14 - 6.16 show a case of islanding the 13.2kV feeder from upstream grid
with opening power of 550kW. Before islanding, FSMG providing 66.9kW because of
low load condition. The EFSMG moves to island management with 0.65% frequency
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Figure 6.12: Voltage at 13.2kV feeder.

Figure 6.13: System frequency.

Table 6.3: Power delivered by WWTP, FSMG and Grid before and after islanding
Gen
Before
After
G1
401kW 399kW
G2
411kW 410kW
G3
150kW 230kW
G4
150kW 230kW
FSMG 273kW 319kW
Grid
202kW
0kW
Total 1587kW 1588kW
dip. The power delivered by WWTP, FSMG and Grid before and after the island are
listed in Table 6.4.
Table 6.4: Power delivered by WWTP, FSMG and Grid before and after islanding
Gen
Before
After
G1
400kW 400kW
G2
410kW 410kW
G3
150kW 280kW
G4
150kW 280kW
FSMG -67kW
219kW
Grid
544kW
0kW
Total 1587kW 1589kW

A step load test in island mode is conducted to illustrate how AC ﬂex-bus inverter
reacts. Figure 6.18 shows simulation result of two step load within FSMG. The Load

155

Figure 6.14: Power curves during islanding with 550kW opening power.

Figure 6.15: Voltage at 13.2kV feeder.

Figure 6.16: System frequency.

level is changing from 150.8kW to 452.1kW around 35 second and to 602kW as peak
load around 39 second. The power delivered from AC Flex-bus inverter named as
P FS2 to other buildings doesn’t change after ﬁrst load step, because the generations
within FSMG are able to provide up to 800kW. When the local load raises to 602kW,
the output of AC Flex-bus inverter has to drop to avoid overload issue.

156

Figure 6.17: Diagram of power ﬂow between FSMG and WWTP via AC ﬂex-bus
inverter.

Figure 6.18: Real power delivered by AC ﬂex-bus inverter and WWTP, and local load
within FSMG.
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6.3

Testing of A 1MW Multi-Inverter Based Microgrid

A multi-inverter based 1MW microgrid has been built at Eaton’s Power Lab.
Several experiments have been conducted to test and verify the algorithms proposed
in chapter 4. The schematic of the setup is shown in Figure 6.20 and pictures of
the lab area, synchronizer and passive loads are shown in Figure 6.19. The system
includes three 250kW, 480V inverter based sources, passive loads, grid synchronizer
and grid connection. The switching frequency of the inverters is at 3kHz. Two
inverter-based energy storage emulators are built to provide DC voltage at 250kW
for the inverters. Inverter 1 models a renewable source, inverter 2 models the energy
storage device, and inverter 3 models the natural gas generator. The block diagram
of Figure 4.39 has been implemented for the energy storage inverter. The storage
inverter adjusts its output current in maximum ﬁve switching periods (1.67 ms).
Similar dynamic response is applied for inverter 1 emulating a renewable source.
The SCU is a computer, which communicates with inverters through Mod BUS and
provides active and reactive power commands. The control diagrams of Figures 4.39
and 4.40 are built in the inverters and techniques for transition managements are
implemented in the computer.
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Lab area

Synchronizer

Passive loads

Figure 6.19: A picture of the test setup, synchronizer and passive loads for the experimental setup.
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Figure 6.20: The schematic of the experimental test setup.

Figure 6.21 shows the waveforms of the voltage, frequency and output power of
two inverters when the system transitions from grid-tie mode to oﬀ-grid. Inverter 1 is
in current mode and its output power remains constant during both modes. Inverter
2 is in voltage mode and its power changes from 15kW to 35kW. During transition,
the frequency drops to 59.35Hz before recovering to 59.85Hz in island mode. Figure
6.22 shows the instantaneous waveforms of load and grid currents, as well as the
microgrid and grid voltages. As we can see, the load current (red) remain constant
during transition, while the current from the grid (light blue) goes to zero when the
contactor is opened. Voltages of the grid and microgrid become asynchronous after
islanding occurs because they have diﬀerent frequencies.Since the storage operates
in voltage mode in both grid tie and island modes, the load does not experience
signiﬁcant voltage transients.
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Figure 6.21: Traces of microgrid frequency and output power of energy storage and
renewable during unintentional islanding when transitioning from grid-tie to island
mode.
Figure 6.23 shows the system starting in black start and then moving to island
mode and reconnection to the grid. The waveforms of the voltage, frequency and
output power of emulators for storage inverter and natural gas generator are provided.
The energy storage device starts the system and establishes voltage and frequency
reference. Then, the natural gas generator is synchronized and provides power. When
the system moves to grid-tie mode, the generator power is reduced to zero and the
storage inverter is charging the storage with 20kW according to the power settings.
Figure 6.24 shows the waveforms of system voltage and frequency when the microgrid is again started from zero voltage (black start) and operated in an island
mode. The traces for energy storage and NG generator emulator power are also
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Figure 6.22: Instantaneous waveforms for voltage, load current (red), and grid current
(light blue) during unintentional islanding.
shown. Initially the energy storage provides power to the load and then NG generator is synchronized to support. Several step loading and unloading are applied. The
system adjusts the power of the energy storage and NG generator according to the
droop settings.
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Figure 6.23: Traces of microgrid voltage, frequency, and generator and storage power
in black start moving to island and grid tie modes.

Figure 6.24: Microgrid operation from black start to island mode under step loading
conditions.
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Chapter 7
Conclusion
In this paper, a general-purpose microgrid modiﬁed by IEEE 34-Bus distribution
system is modeled, analyzed and evaluated. To sum up, the following conclusions can
be drawn from this thesis:
The modiﬁcation and scaling of IEEE 34-bus distribution system is presented.
The conﬁguration of the proposed microgrid, the measured daily power proﬁles for
generations and loads and their capacity sizing issues are discussed and analyzed.
Average and detailed models for the sources have been implemented to run the
whole system using PSCAD software for 24 hours. Control techniques have been
introduced to control the active/reactive power of the renewable sources, natural gas
generator, and energy storage inverters in order to minimize the transients. Detailed
modeling results have been presented and conﬁrmed on a multi-inverter based experimental test setup.
The power management for renewable energies and the power constraints applied

164

to the control of renewable energies are proposed. A comprehensive supervisory control scheme is proposed and developed for microgrid operation and management. The
autonomous control and droop control for microgrid operation in grid-tied mode and
islanded mode are presented. A collapse case of island operation is discussed and
solved. The transition management for microgrids between various modes of operation including islanding, reconnection, and black start are presented. Two extreme
cases are discussed and tested for intentional/unintentional islanding. The shifting
droop control is proposed and developed for microgrid reconnection. A compact data
format considering low bandwidth communication is also proposed and used for the
control commands sent by supervisory control unit to generations.
The power quality of the proposed microgrid is evaluated by calculating the indexes in diﬀerent cases. A novel probabilistic assessment approach is proposed to
evaluate microgrid reliability. The data based method and model based method are
proposed and compared.
Some extended researches based on the algorithms and techniques proposed in
the thesis are presented at last. An in-building Fort Sill Microgrid is modeled and
studied. The concept of AC Flex-bus inverter is introduced. A 1MW multi-inverter
based microgrid experimental test setup is established at EATON power lab. Several
experiments including microgrid transitions have been conducted and presented in
the thesis.
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